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LOSSES OF NITROGEN AND ORGANIC MATTER FROM
DRY-FARM SOILS^

A. F. BRACKEN^ ajstd J. E. GREAVES ^

Utah Agricultural Experiment Station

Received for publication September 9, 1940

Loss of nitrogen and organic matter from semiarid cultivated soils is one of

the major problems of dry-land agriculture. The original low supply of nitro-

gen together with the depleting characteristics of alternate wheat and fallow

has the possibility of making nitrogen rather than moisture the limiting factor

of crop production in certain dry-farm areas. Numerous studies of this prob-

lem have been made in humid sections with results almost universally showing

losses ranging from 20 to 40 per cent in wheat-growing regions after 20 to 40

years. In arid areas the published data fail to show a similar trend in all cases.

Wilsdon and AH (15, p. 122) in a study of cultivated soils in India under a

rainfall of 15 inches or less reported large increases in nitrogen content in cer-

tain seasons. They assert that many soils in India, cropped for centuries

with little or no addition of manures, still produce good yields in years of

sufficient rainfall. Bradley (2) found in eastern Oregon that cropped dry-farm

soils as compared to virgin land showed no loss of nitrogen after 25 years of

cultivation. Thatcher (14) made similar observations in eaftern Washington

in areas varying in rainfall from 12 to 23 inches. On the other hand, Stephens

(10) has reported appreciable losses of both nitrogen and organic matter from

fields in Sherman County, Oregon, as well as from plots at the Moro Branch

Station. Likewise, Sievers and Holtz (9) have shown that losses from cropped

land as compared to virgin soil in eastern Washington amounted to 22.1 per

cent for nitrogen and 34.5 per cent for organic matter.

On the dry-farm lands of Nebraska, Russel (7) found that losses of organic

matter varied from 6.5 per cent for fields which had been cropped from 3 to

7 years to 28.0 per cent for lands cultivated from 45 to 60 years. In addition,

farms which had suffered from water erosion showed an average loss of 56.0

per cent as compared to 27.1 for level uneroded parts of the same fields. Re-

sults from western Kansas procured from the Hays, Colby, and Garden City

stations and reported by Gainey, Sewell, and Latshaw (3) indicate that, in

rotation tests, losses of organic carbon varied from 8,000 to 14,000 pounds per

^ Contribution from the department of agronomy and the department of bacteriology

and biochemistry, Utah Agricultural Experiment Station. Published with the approval of

the director.

2 Associate agronomist and research professor of agronomy.

2 Research professor of bacteriology and biochemistry.

1



2 A. F. BRACKEN AND J. E. GREAVES

acre, and losses of nitrogen, from 600 to 800 pounds. Under continuous wheat

culture, including wheat and fallow, the carbon losses varied from 1,200 to

5,400 pounds per acre at Hays and from 6,000 to 8,000 at Garden City and

Colby. In comparing virgin and cropped land Swanson and Latshaw (13)

found that losses of nitrogen averaged 32.13 per cent in the humid parts of

Kansas, 23.75 per cent in the subhumid, and 20.48 per cent in the semiarid.

Reporting results of a survey of some of the dry-farm areas in Utah, Stewart

and Hirst (12 ) found no indication of perceptible nitrogen losses after 10 or

more years of cultivation. In another survey of farms in the Cache Valley

area of Utah, Stewart ( 11 ) reported a gam of nitrogen in the surface soil;

the average percentages of nitrogen for these farms follow: first foot—wheat

land 0 .2055
,
virgin land 0.1984; second foot—wheat land 0.1466, virgin land

0 .1823 . In the first foot the wheat land was only 3.45 per cent higher in

nitrogen than the virgin soil, but in the second foot the cropped fields were

19.58 per cent lower than the uncropped land.

EXPERIMENTAL METHODS

This study was planned to determine the changes in nitrogen and organic

matter which have taken place in the cropped dry-farm lands of Utah as com-

pared with virgin soil. In setting up the survey, all fields chosen for sampling

were immediately adjacent to virgin unplowed land, which still supported a

cover of native vegetation. Such areas as railroad right of ways, old roadways,

and good native pasture land were selected. Nine such combinations were

found in Cache Valle}^ in northern Utah, and twelve were located in Juab

Valley in central Utah. Five samples were taken to a depth of 3 feet at each

of five locations in every field, and a like number from the same number of

locations on the adjacent virgin area. The locations on the cropped and ad-

jacent virgin areas were never more than 2 or 3 rods apart. The five samples

from each location were then mixed, and a composite was taken for analysis.

Total nitrogen was determined by the Kjeldahl method, and percentage of

organic matter was measured by the rapid Schollenberger test. The organic

carbon content of several samples was determined by dry combustion to check

the accuracy of the Schollenberger method. Close agreement was found when
the total organic matter content was divided by the factor 1.724.

The soils in Cache Valley were laid down in prehistoric Lake Bonneville

and have since been worked over by surface agencies. In texture the soils of

the fields sampled varied from silt loams to clay loams. The Juab Valley soils

have been weathered from adjacent mountain ranges. In texture these soils

are usually classed as clay loams. The annual precipitation in Juab Valley

averages 13.21 inches, and that in Cache Valley, 16 to 17 inches depending on

location.

The cropping system followed on all farms included in the study consisted

of alternate wheat and fallow, plowing for fallow being done mostly in early

spring followed by sufficient summer tillage to keep weeds under control.
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A second part of the study consisted of an attempt to measure some of the

factors considered to be responsible for loss of nitrogen and organic matter

from soil. Since temperature is known to influence the nitrogen and organic

matter content of soil, variations in temperature were measured. In both 1934

and 1935 three thermograph readings were taken, one on fallow land, one on

land in crop, and one from a virgin sagebrush area for the summer periods.

The temperature bulb was buried 2 inches under the surface in each case.

In addition, a laboratory study was made in which a sample of soil was taken

from one of the farms in Cache Valley. The sample, divided into four parts,

was maintained at temperatures of 31 and 65°C., with one part for each

temperature exposed to ultra-violet light while the other was left untreated.

A Hanovia ultra-violet lamp, set at 18 inches above the soil, was used for

irradiation.

RESULTS AND DISCUSSION

Nitrogen and organic matter losses

The data showing comparisons between the nitrogen and organic matter

contents of virgin and cropped dry-farm lands in Cache and Juab Valleys are

given in tables 1, 2, 3, and 4.

Upon examination of table 1, showing results of the survey of nine farms

in Cache Valley, it wiU be observed that a loss of 15.9 per cent of the nitrogen

occurred in the first foot and 14.8 per cent in the second to third foot, as com-

pared to adjacent virgin land. When analyzed statistically both diflierences

were highly significant. A similar comparison of results from Juab Valley,

as indicated in table 2, shows that these soils lost 14.5 per cent of the nitrogen

in the surface foot and 10.6 per cent in the second to third foot, both differences

likewise being calculated as highly significant. A comparison of the data in

tables 1 and 2 will show that the nitrogen percentage of Juab Valley soils is

only slightly more than half that of Cache Valley soils. Since the mean an-

nual temperature for Cache Valley as taken at Logan is 47.2°F. and that for

Juab Valley as recorded at Levan is 47.5°F., it appears that the difference in

rainfall is the controlling factor in regard to the difference in nitrogen and or-

ganic matter contents of the two areas. According to Jenny (4), where the

temperature is constant the nitrogen and organic matter contents of grassland

soils increase logarithmically with increasing humidity factors. Though the

soils of these tw^o areas are not classed as grassland soils, yet a similar relation-

ship appears to exist.

The data given in the last three columns of tables 1 and 2 represent an at-

tempt to determine the amount of nitrogen taken from the soil by the crops,

the total amount lost from the soil, and the amount lost and unaccounted for.

The amount of nitrogen removed by crops of wheat, though only an estimate,

is considered to be within reasonable limits of accuracy. Each land owner

was questioned as to production and protein content of wheat, and in several

cases actual records were available. The means for both Cache and Juab
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Valleys show that twice as much nitrogen was lost and unaccounted for as was

removecl by the crop. Sievers and Holtz (9) found a similar situation existing

in Washington soils. Their results indicated that 50 per cent more nitrogen

TABLE 1

Comparison of nitrogen percentages with losses between cropped and adjacent virgin dry-farm land

on nine fields in Cache Valley, Utah

.

'
PARM

NUilBER
OP Y-BARS

1

CROPPED
DEPTH

NITEOGEP

Virgin

r IIT SOILS

Cropped

LOSS

NITROGEN
PER ACRE
removed
BY CROP

NITROGEN
PER ACRE
LOST PROM

SOIL

NITROGEN
PER ACRE
UNAC-
COUNTED
POR

feet per cent per cent per cent pounds pounds pounds

,
Benson 42 1 i .198 .166 16.2

2-3 .085 .075 11.8 676 2,080 1,404

Partington 50

.

1

1 .179 .145 19.0

2-3 .094 .085 9.6 775 2,080 1,305

Green 47 1 .177 .158 10.7

2-3 .083 .069
j

16.9
j

648 1,880 1,232

Riter 47 1 .175 .152 13.1

2-3 .089 .076 14,6 620 1,960 1,340

Farrell 63 1 .215
1

.172 20.0

2-3 .112 .094 16.1 1,082 3,160 2,078

Peterson Bros, 40 1 .164 .145 11.6

2-3 .119
1

.091 23.5 620 3,000 2,380

Myron Hansen 37 1

1

.240 .210 12.5

2-3 .133 .127 4,5 608 1,680 1,072

C. A. Peterson 37 1 .262
1

.197 24,8

2-3 .143 .112 21,7 751 5,080 4,329

j, J. Larson 40 1 .209
^

.178 14.8

1

2-3
1

.101 .086 14.8 833 2,440 1,607

' 'Means 1 .201 .169 15.9

2-3 .107 .091 14.8 73S 2,560 1,825

Differences for comparison of virgin \ 1 foot 012

and cropped means : 1 per cent point \2-3 feet .... .009

was removed than could be accounted for. Several other workers have pub-

lished similar results.

It is admitted that, in making the above assumptions, an error is involved:

the sampling was done only to a depth of 3 feet, whereas wheat roots definitely
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TABLE 2

Comparison of nUrogen percentages with losses between cropped and adjacent virgin dry-farm

land on twelve fields in Juab Valley, Utah

FARM OWNER

NUMBER
OF

YEARS
CROPPED

DEPTH

NITROGEN IN SOIDS
j

LOSS

NITROGEN
PER .A.CRE

REMOVED
BY CROP

NITROGEN
PER ACRE
LOST FROM

SOIL

nitrogen'
PER ACRE
UNAC-

COUNTED
FOR

Virgin Cropped

feet per cent per cent per cent pounds pounds pounds

Grace Bros. 28 1 .101 .090 10.9

2-3 .063 .060 4.8 440 680 240^

C. Paxmaii 26 1 .100 .086 14.0

2-3 .060 .058 3.3 410 720 310

Bracken Bros. 26 1 .110 .098 10.9

2-3 .066 .058 12.1 409 1,120 711

J. W. Paxman 26 1
1

.100 .083 17.0

2-3 .053 .048 9.4 409 1,080 671

J. S. Cowan 26 t .096 .088 8.3

2-3 .062 .055 11.3 411 880 469

R. Sudweeks 28 1 .120 .094 21.7

2-3 .080 .059 26.2 440 2,720 2,280

Wm. Morgan 22 1 .097 .088 9.3

2-3 .060 .054 10.0 299 I 840 541

S. Linton 24 t .088 .080
1

9.1

2-3 .054 .054 i 382 320 +62

J. Memmott 26 1 .111 .103
:

7.2

2-3 .073 .063 13.7 450 1,120 670

Paxman-Belliston 29 1 .113 .081 28.3

2-3 .075 .058 22.7 441 2,640 2,199

Serele-Fowkes 25 1 .131 .104 20.6

2-3 .063 .059 6.3 369 1,400 1,031

Tophin-Byland 22 1 .148 .134 9.5

2-3 .089 .087 2.2 363 720 357

Means 1 .110 .094 14.5

2-3 .066 .059 10.6 402 1,186 784

Differences for comparison of virgin
|

1 foot 004

and cropped means: 1 per cent point \2-3 feet 004
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take nitrogen from greater depths than the 3-foot level in dry-farm soils.

It is consideredj however, that this error may not change the results materially.

The data showing a comparison between the organic matter content of

virgin and cropped land for the nine farms in Cache Valley and the twelve in

Juab Valley are given in tables 3 and 4. It will be observed that for the Cache

Valley area the loss from the surface foot, in comparison with adjacent virgin

land, amounted to 20.4 per cent, and that for Juab Valley, 18.8 per cent.

Variance analysis of the results showed that the differences between the means

were beyond the 1 per cent level of significance in both instances. Comparison

of the data for the individual farms as given in tables 1 and 2, with the cor-

responding farms as listed in tables 3 and 4, indicates that farms which lost

comparatively high percentages of nitrogen also suffered the greatest loss of

organic matter, though the relationship is not regular in all cases.

If the organic matter means as given in tables 3 and 4 are converted to car-

bon and divided by the corresponding nitrogen means (tables 1 and 2) the

carbon-nitrogen ratio can be calculated. For Cache Valley the carbon-nitrogen

ratio for virgin land was found to be 10.74 and that for cropped land 10.17.

The ratio for virgin land in Juab Valley was 10.1 and that for cropped land

9.55. This clearly indicates a narrowing of the carbon-nitrogen ratio as losses

occur. Similar results have been presented by Sievers and Holtz (9) and

Russel (7).

The data reported in tables 1, 2, 3, and 4 were obtained from dry-farms

which showed no noticeable indications of erosion. On some of the steeper

slopes, and especially on the hilltops in Cache Valley, however, most of the

surface soil has been washed away. Results showing this relationship are

given in table 5.

The data in table 5 indicate the excessive loss of nitrogen and of organic

carbon on land subject to erosion. White clay hilltops, as the data show, lost

58.5 per cent of the nitrogen and 57.8 per cent of the organic matter as com-

pared to level, uneroded cropped land. In a comparison between virgin land

and fields which had suffered from erosion Russel (7) has reported a loss of

56 per cent.

In review of the data showing losses of nitrogen and organic matter from

dry-farm soils in Utah, the question of nitrogen and organic matter balance

or equilibrium presents itself. Will losses continue, or will they cease, follow-

ing reduction to some lower level? The results reported by Jenny (5) show
that the greatest losses occurred in Missouri in the first few years of cropping

and that the percentage of loss decreased with time, but even though the curve

representing loss flattened out after 60 years of cropping, it was still down-
ward, The data indicate, however, that the nitrogen level does not decline

indefinitely but that the end result may be a new equilibrium at a considerably

lower level than the original nitrogen content. Results reported by Gainey,

Seweii, and Latshaw (3) from Kansas indicate that when the nitrogen content

of the soil with which they work falls to approximately O.lO per cent, the factors
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responsible for additions of nitrogen to the soil counterbalance those tending

to cause loss, thereby establishing a nitrogen equilibriuin near this level. For

the soils in Juab Valley, apparently the equilibrium level is below this point.

TABLE 3

Comparison of organic matter percentages to a depth of 1 foot with losses between cropped and

adjacent dry-farm land on nine fields in Cache Valley, Utah

ORG.4NIC
MATTER
vmGm

ORGANIC
M.\TTER
CROPPED

DIPEERENCE
BETWEEN
VIRGIN AND
CROPPED

LOSS

Benson

per cent

3.33

Per cent

2.48

per cent

0.85

per cent

25.5

Partington 3.30 2.35 0.95 28.8

Green 3.26 2.75 0.51 15.6

Riter 3.22 2.64 0.58 18.0

Farrell 4.16 3.32 0.84 20.2

Peterson Bros 2.80 2.39 0.41 14.6

Myron Hansen 4.80 3.96 0.84 17.5

C. A. Peterson 4.93 3.75 1.18 23.9

J. J. Larson 3.85 3.10 0.75 19.5

Mean 3.74 2.97 0.77 20.4

Difference for comparison of virgin and cropped means, 1 per cent

point 107

TABLE 4

Comparison of organic matter percentages to a depth of 1 foot with losses between cropped

and adjacent dry-farm land on twelve fields in Juab Valley, Utah

FARM OWNER
ORGANIC
MATTER
VIRGIN

ORGANIC
MATTER
CROPPED

DIFEERENCE
BETWEEN
VIRGIN AND
CROPPED

LOSS

Grace Bros

per cent

1.92

per cent

1.53

per cent

0.39

per cent

20.3

C. Paxman 1.85 1.51 0.34 18.4

Bracken Bros 1.76 1.44 0.32 18.2

J. W. Paxman 1.80 1.46 0.34 18.9

J. S. Cowan 1.76 1.52 0.24 13.6

R. Sudweeks 1.79 1.37 0.42 ,, 23.4

Wm. Morgan 1,69
1

1.39 0.30 17.7'

S. Linton 1.54 1.34 0.20 13.0

J. Memmott 1.95 1.72 0.23 11.8

Paxman-Belliston 1,99 1.36 0,63
1

31.6

Serele-Fowkes. 2.30 1.74 0.56 ^ 24.3

TopMn-Byland 2.61 2.24 0,37 14.2

Means 1.91 1.55 0.36 18.8

Difference for comparison of virgin and cropped means, 1 per cent

point .093
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As shown by the data in table 2 the average nitrogen content of several virgin

areas was near 0.10 per cent, yet significant losses occurred from the cultivated

fields. Only one field, the S. Linton farm, showed a gain when the amount

of nitrogen taken out by the crop was subtracted from the loss from the soil.

This may indicate that nitrogen fixation has become active at this particular

level, 0.088 per cent. If this is the case then approximately 0.09 per cent may

be assumed to be the equilibrium level for the clay loam dry-farm lands of

Juab Valle}^ under the alternate crop and fallow system of cultivation. All

of the fields sampled in Cache Valley, however, showed definite losses. The

Farrell farm, cropped over a period of 63 years from the time of breaking to

the time of sampling, showed a reduction from 0.215 per cent nitrogen to

0,172. If the length of the cropping period is considered and the results of

Jenny (5) are used as a basis of comparison, it might be assumed that for silt

and clay loam soils in Cache Valley the equilibrium level for nitrogen is about

0.17 per cent or slightly lower, depending upon location.

TABLE 5

AmragQ percentage of nitrogen and of organic carbon found to a depth of 1 foot at three adjacent

locations in Cache Valley

LOCATION NITSOGEN

NITROGEN
LOSS AS

COMPARED TO
LEVEL LAND

CARBON

CARBON
LOSS AS

COMPARED TO
LEVEL LAND

White clay hilltop

per cent

.097

.182

.234

per cent

58.5

22.2

per cent

1.07

2.09

2.54

per cent

57.8

17.7On side of clay hilltop

Level, uneroded cropped land

Factors promoting nitrogen losses

Results reported by Russell (8, pp. 375”377) indicate that nitrogen lost from

soil at Rothamstead can be accounted for by that removed in the crop and

that found in drainage water. On the other hand, Sievers and Holtz (9) have

shown that under semiarid conditions in IVashington, where little or no drain-

age occurs, 50 per cent more nitrogen was removed than could be accounted

for in the crops harvested. Since a similar situation was found to exist under

diy-farm conditions in Utah, an attempt was made to measure some of the

factors considered responsible for nitrogen losses. The nitrogen loss unac-

counted for by the crops removed may have been due to one or all of the fol-

lowing factors: leaching to lower depths beyond the feeding range of the plant
;

erosion; denitrification; and volatilization through biological and possibly

chemical means.

. Lea(Mng:.,:^ limited rainfall, such as is characteristic of semiarid

lands, little leaching occurs; however, Bracken and Cardon (1) have shown
that 'whenever the rainfall at Nephi, Utah, over a fallow period, including two
winters and one summer, exceeds approximately 20 inches, with the excess



LOSSES FROM BRY-FARM SOILS' 9

occurring largely during the winter and early spring months preceding the

crop year, a certain amount of soil moisture moves below the 6-foot level and,

ill certain seasons, likely below 10 feet. Since the NO3 ion is not readily ab-

sorbed by the soil complex, it is obvious that soluble nitrogen may move to

lower depths with moisture and be lost to the plant. As an example of this,

the following data show the distribution of nitric nitrogen to a depth of 10

feet at the beginning of the crop season of 1923, following a fallow period such

as that mentioned:

Depths feet Nitric nitrogen, p.p.m.

1 .. 0.6

7]

8
^ 2,7

9]

10 5.0

From these data it will be observed that the major part of the available

nitrogen was found at depths likely beyond the reach of plant roots and so

might be considered lost. This was the only season, however, in which nitric

nitrogen was determined along with soil moisture from 1923 to 1933, inclusive,

that leaching below the 6-foot level was found to occur to any appreciable

amount, but over the cropping period of the fields sampled there may have

been similar seasons. Thus leaching of nitrogen might be mentioned as one

of the sources of loss, but it is considered of minor importance in these soils.

Erosion, Erosion of surface soil may also be considered as one of the sources

of loss of nitrogen and organic matter from the fields studied. The excessive

losses shown in table 5 were mainly the result of erosion, but no noticeable

loss from erosion was evident on the nine fields sampled in Cache Valley or on

the twelve fields of Juab Valley, the data for which are shown in tables 1, 2,

3, and 4. It is admitted, however, that a certain loss from erosion unques-

tionably occurred, but it is assumed that the amount was small and of no major

importance as far as an explanation for losses is concerned, since in both areas

sampled, an appreciable loss of nitrogen occurred from the 2-3-foot section.

Denitrification. Denitrification as a source of loss of nitrogen from these

soils appears unlikely, since the quantity of nitrate nitrogen occurring at any

given time is small and the amount of organic material is low. Furthermore,

these soils are never saturated with moisture, they are generally well aerated,

and nitrifpng bacteria are found to depths of 8 and even 10 feet. Hence it
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is improbable that denitrification is an important factor in the loss of nitrogen

from arid soils.

Temperature. Since leaching and erosion have likely been responsible for

only minor losses of nitrogen and organic matter from these dry-farm lands,

it was considered that temperature differences might be one of the major factors

contributing to losses. Accordingly, thermograph recordings were made as

TABLE 6

Mean temperatures for virgin land, land in wheat, clean fallow, and air at Nephi, Utah

AIE
VIRGIN LAND

(sage)

LAND IN
WHEAT

CLEAN
PALLOW

“E. “E. "E.

May 20 to Ortoher 2Sj 19.^3 .... 60.5 62.5 64.0 69.0

May 7 to September 28, 1934. 65.3 68.0 70.8 74.0

TABLE 7

Temperature of soil in the field, at the surface and at depths of 1 and Z inches, under various

plant covers and at varmis air temperatures, Nephi, Utah

CHARACTER OF SURFACE DEPTH
AIR TEMPERATURES

SST. 90T. 9ST. lOO^F.

Clean fallow Surface 106 113 126 132

1 inch 92 100 109 119

2 inches 88 95 106 109

Stubble^ Surface 102 109 116 127

1 inch 91 98 106 115

2 inches 88 93
1

100 106

Sagebrush Surface 90 91 96 103

1 inch 82 87 91 97

2 inches 80
1

85 88 92

Western wheatgrass Surface 88 90 93 96

.sod
:

1 inch 81 84 90 91

2 inches 79 82 88 89

* The stubble left after harvesting a yield of 20 bushels per acre, the average production

for the land on which temperature readings were made, was approximately 20 inches high.

indicated in table 6. From the data given it will be observed that in 1933 land

in wheat and land in clean fallow were 1.5 and 6.5°F. higher, respectively, than
virgin land in sage, and in 1934 the respective differences were 2.8 and 6.0°F.

Temperature readings were also made at various depths and on various

surfaces as shown in table 7. In taking temperatures at the surface the mer-
cury end of the thermometer was covered with sufficient soil to prevent ab-

sorption of heat by the metal. Readings were made only on clear days between
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1 and 2 p.m., when the maximum temperature was at or near the temperature

recorded.

The data in table 7 indicate a relationship similar to that shown in table 6—
that temperatures on clean fallow land were definitely higher than those on

virgin land. Likewise, temperatures as recorded in stubble were higher than

those on unbroken land. It will also be observed that land covered with a

stand of western wheatgrass was lower in temperature than land supporting a

growth of sagebrush. Apparently the grass cover served as better insulating

material.

Studies b}^ Jenny (4) have shovm that for each 10°C. increase in the mean
annual temperature the nitrogen content of soil decreases twofold to threefold.

The difference in temperature between fallow and virgin land for the summer
period in this investigation was approximately 6°F. This, together with the

maintenance of a higher soil-moisture content during the fallow period, both

of which increase biological as well as possibly chemical activity, may account

for the losses of nitrogen and organic matter from Utah dry-farm soils.

Temperature and ultra-violet light. Since temperature is known to influence

the nitrogen and organic matter content of soil, and since work reported by

Mortenson and Duley (6) indicates that ultra-violet light has an effect on the

ammonia and nitrate content of the soil, which was assumed, in turn, possibly

to have an influence on total nitrogen, a test was set up for the purpose of

measuring the effect of these two factors on a sample of dry-farm soil taken in

Cache Valley. For the first 6 months of the test, no moisture was added to

the soil, which remained essentially air dry, and the analyses showed no change

in either total nitrogen or organic matter. Thereafter, the moisture content

was maintained at 15 per cent, which is approximately that of the surface

foot of soil when in fallow. Each time moisture was added the soil was

stirred. The results of the various treatments are given in table 8. These

results indicate that all the treatments promoted loss of organic carbon, that

from soil exposed to the high temperature of 65°C. being apparently significant.

Irradiation seemed to have no effect. Loss of nitrogen was limited to the

samples exposed to the higher temperature.

The galvanized iron containers in which the soil was treated showed some

corrosion. Because of this, it was considered inadvisable to conduct bac-

teriological studies. Another similar test was, therefore, set up, the precau-

tion being taken to prevent metal from coming in direct contact with the soil.

Total nitrogen and organic carbon; numbers of microorganisms developing on

agar plates; ammonifying, nitrifying, and nitrogen-fixing power of the soil

were all determined on the variously treated samples.

The effects of ultra-violet light and temperature on the nitrogen and organic

carbon of the soil are shown in table 9. In general, the data indicate the same

relationships shown in table 8, that is, organic carbon was lost from all samples,

regardless of treatment, and loss of nitrogen was limited to those samples

subjected to the higher temperature. For some unexplamable reason, how-
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ever, the loss of organic carbon in the latter test did not show the regiilaiity

exhibited ill the former experiment.

As indicated by the data in both tables 8 and 9, no nitrogen was lost in those

portions of soil held at but there was loss of organic matter. This

change was probably caused entirely by bacterial activity. The samples held

at 65T. showed loss of not only organic matter but nitrogen as well Since

this temperature is above the point at which most bacterial activity ceases in

the soil, it is likely that chemical rather than biological changes were involved.

It is assumed that part of the loss of organic matter and nitrogen occurs in the

TABLE 8

Effects on organic carbon and nitrogen contents of soil exposed to idtra-violet light and temperature

treatments from June 6, 1934 to April 18, 1936

T&EATMENT

ORGANIC CARBON NITROGEN

1

6/6/34 4/18/36 Loss 6/6/34 1 4/18/36 Loss

3TC. dark

31®C. irradiated

6S®C. dark

65®C. irradiated

per cent

3.33

3.33

3.33

3.33

per cent

3.09

3.08

2.43

2.43

per cent

7.21

7.50

27.03

27.03

per cent

.247

.247

.247

.247

per cent

.248

.252

.209

.207

per cent

0

0

15.38

16.19

TABLE 9

Effects on organic carbon and nitrogen contents of soil exposed to idtra-violet light and temperature

treatments from December 30, 1936 to May 20, 1938

TREATMENT
ORGANIC CARBON NITROGEN

12/30/36 5/20/38 Loss
;

12/30/36 5/20/38
1

Loss

31®C. dark 3.00 2.73 9.00 .221 .220
*

0

31®C. irradiated 3.00 2.55 15.00 .221 .213 0

65®C. dark 3.00 2.68 10.66 .221 .197 10.86

65®C. irradiated 3.00 2.54 15.33 .221 .202 8.60

field through the activity of microorganisms, yet these results indicate that

loss through chemical means may also be possible.

Since number of bacteria is a measure of biological activity of a soil, the

microorganisms were counted in the four variously treated samples at the

beginning and at the end of the experiment, with the results shown in table 10.

The number of microorganisms in the soil kept at Src. in the dark remained
approximately constant, but the irradiated portion showed a definite reduction.

The part of the sample maintained at a temperature of 65°C. in the dark indi-

cated a slight reduction in numbers, but the combination of irradiation and
high temperature markedly lowered the number of organisms.

The effect of the various treatments on the ammonifying, nitrifying, and
nitrogen-fixing powers of the sample of dry-farm soils is shown in table 11.

From these data it is evident that the ammonification in the soil kept at 31°C.
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in the dark for 2 years remained virtually constant. Likewise, there was no
change in the portion maintained at 31°C. and irradiated, indicating that

although numbers of organisms had decreased, yet when placed under optimum
conditions, the surviving bacteria rapidly increased. The soil held at 65®C.

in the dark showed a reduction in ammonifying power in somewhat the same
proportion as the reduction in numbers of organisms, and though the irradiated

portion maintained at 65°C. indicated further reduction in amount of ammonia
accumulated, yet the amount was greater than might be expected in view of

the marked reduction in number of organisms as shown in table 8.

TABLE 10

Microorganisms in a variously treated sample of dry-farm soil at the beginning and at the e^td

of the experiment

Thousands per gram of soil

TREATMENT
DATE ANALYZED

DECREASE

12/30/36 s/20/38

31°C. dark 3.500

4.500

5,000

4,500
;

3,000

400

3,100

30

500

4,100

1,900

4,470

31°C. irradiated

65°C. dark

65°C. irradiated

TABLE 11

Amounts of ammonia, nitrates, and nitrogen fixed in a sample of dry-farm soil

variously treated

Milligrams per gram of soil

TREATMENT

NHs PRODUCED IN
4 DAYS

NOs FORMED NITROGEN FIXED

12/30/36 5/20/38 12/30/36 5/20/38 12/30/36 5/20/38

31°C. dark 101 105 17.48 ^ 19.23 12.17 11.67

31°C. irradiated 101 103 17.47 19.42 12.42 10.75

65°C. dark 101 87 15.13 1.52 12.69 1.39

65°C. irradiated 103 57 17.24 0.09 13.17 0.87

If the nitrifying power of the soil, as indicated in table 9, is considered, it

is evident that no change occurred between the fresh untreated soil and that

maintained at 31°C. regardless of irradiation. At the higher temperature of

65°C., however, marked reduction was evident, with likely no significant

difference between the soil held in the dark and that irradiated. The nitrogen-

fixing organisms showed approximately the same proportionate change in

activity as that exhibited by the nitrifiers.

SUMMARY

Nitrogen and organic matter changes were studied on nine dry farms in

Cache Valley, northern Utah, and on twelve in Juab Valley, central Utah.
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In Caclie Valley, virgin land in the first foot was found to be 15.9 per cent

higher in nitrogen and 20.4 per cent higher in organic matter than adjacent

wheat land. The second to third foot section on virgin land was 14.8 per cent

higher in nitrogen than cropped land. For Juab Valley the same comparison

showed a nitrogen loss of 14.5 per cent in the first foot and 10.6 per cent in the

second to third foot. The loss of organic matter in the surface foot amounted

to 18.8 per cent.

On severely eroded areas in Cache Valley, loss of nitrogen and of organic

matter amounted to 58.5 and 57.8 per cent, respectively, as compared to level

uiieroded land in crops.

For farms in Cache Valley it was estimated that crops harvested from the

fields sampled removed 735 pounds of nitrogen per acre out of a total of 2,560

pounds lost from the soil, leaving 1,825 pounds, or 71.3 per cent, unaccounted

for. Similar comparisons for Juab Valley showed a total loss of 1,186 pounds

of nitrogen per acre, of which 402 pounds were removed by the crop, leaving

784 pounds, or 66,1 per cent, unaccounted for.

The nitrogen equilibrium level for Juab Valley soils was considered to be near

0.09 per cent, and that for Cache VaUey soil, approximately 0.17 per cent.

In attempting to account for the nitrogen lost from cultivated dry-farm

soil through means other than harvested crops, it was considered that slight

losses occurred through leaching and erosion. The major part of the loss,

however, is assumed to have taken place in some other way not well under-

stood, likely as a result of chemical and biological changes resulting in vola-

tilization of nitrogen in some form. This may be due to higher temperatures

and greater amounts of moisture, particularly during the fallow period.

In a laboratory test conducted with samples of dry-farm soil it was found

that ultra-violet light had no apparent effect on either the organic matter or

the nitrogen content. The portions held at a temperature of dl'^C. lost a

small amount of organic matter but no measurable amount of nitrogen. At
a temperature of 65®C., however, organic matter as well as nitrogen was lost.

The loss at this high temperature was considered the result mainly of chemical

rather than biological changes.

In respect to numbers of soil organisms, the irradiated portions showed
marked reductions over the soil held in the dark, but the activity of the bac-

teria, as indicated by the amount of ammonia and nitrates formed and the

nitrogen fixed, was reduced only by the high temperature of 65°C.
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The determination of pH requires the presence of moisture. The relative

ease with which determinations are made at comparatively high dilutions has

brought into common use ratios varying from one part of soil in one part of

water to one part of soil in ten parts of water. In the determination of the

maximum pH values of soils containing considerable calcium carbonate or

other highly hydrolyzable compounds, high dilutions are of value. Plants,

however, are usually not grown at these high dilutions unless such a condition

is unavoidable, and in that case growth is ordinarily most unsatisfactory.

PLANT RELATIONSHIP TO SOIL pH

In the growth of healthy plants (3), the soil moisture content may become

excessive on account of retarded drainage, and the period during which the

plants are thus subjected determines whether growth shall be adversely af-

fected. In a well-drained soil, whenever irrigation is practiced, the soil that

is wetted soon loses sufficient moisture to approach its field capacity. From
there on, the growth of the plant is the chief factor in decreasing the soil mois-

ture content. If the soil is cold and drainage is slow because of the high clay

content of the soil, the roots and soil minerals may be subjected to prolonged

conditions in which the soil is at or above the field capacity. Inadequate

aeration of roots and unavailability of soil nutrients because of prolonged

periods of high pH are some of the disturbing factors under these conditions.

Deficiency diseases, especially those of any of the four heavy metals—iron,

manganese, zinc, or copper—may then become obvious in the tops of the plants.

The misuse of irrigation water is probably largely responsible for the occur-

rence of many of the deficiency diseases, particularly that of iron.

The field capacity of a soil for water approximates the values commonly

found for the moisture equivalent, and the pH values determined at these

moisture percentages are of considerable importance in the growth of the plants.

The pH values when the soil moisture is at or above the moisture equivalent

often determine whether the plant shall survive or shall be injured by any of

the deficiency diseases.

One phase in the growth of the plant represents that carried on with soil

moisture conditions ranging from that of the percentage at the moisture

equivalent to that at extreme dilution. In an irrigated soE maintained at

the lowest value in this range, the soE moisture percentage much of the time

17
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miglit be considerably above that of the moisture equivalent. In many soils

the problems of aeration, drainage, and deficiency diseases would probably

be an accompaniment of such practice. It is common to find that trees

grown in soils in this moisture range (2) become chlorotic during the wet

winter season and turn green again as the soil moisture is depleted by the trees

during the spring and early summer.

A second phase in the growth of the plant is necessarily concerned with

the range of soil moisture conditions extending from the moisture percentage

at the moisture equivalent to the moisture percentage near the hygroscopic

values. Within this range, plants find the most favorable conditions for

growth. With soils containing considerable hydrolyzable matter, the pH
values decrease rapidly as the moisture percentages decrease (4).

METHODS

Although Sorensen’s definition of pH applies to an aqueous solution and not

necessarily to a two- or a three-phase system, the pH meter was used in this

study. The equipment consisted of a Beckman pH meter (laboratory model

G) with a shielded glass electrode and a sealed calomel electrode, each having

a 10-foot cable and supported by a Beckman spring type electrode holder.

Distilled water was used directly from the tinned faucet of the tin pipeline

in the laboratory. This line connects with a 500-gallon storage tank which

is filled daily. In all determinations, the soil samples were vigorously stirred

with a heavy glass rod followed by a horn spoon. Pyrex beakers and a tin

container (2f inches high x 4| inches diameter), formerly used for storing

Petri dishes, were used for the thorough mixing of samples.

The determination of pH in solutions or in soils with moisture percentages

near or greatly above the moisture equivalent has been made very rapid and

easy of manipulation by means of the glass electrode. Compacting the soil

by tapping the beaker containing the mixed sample and pressing the glass

electrode and its companion calomel electrode into the soil and repeating the

process with corresponding readings of pH, is virtually all there is to the deter-

mination of pH in soils near the field moisture content (5, 6).

When moisture percentages considerably below the moisture equivalent

are used, the simple compacting of the beaker of soil and the pressing in of

the electrodes will not suffice in most cases. Experience has shown that under

almost any condition in which the glass electrode is found in the soil mass, an

equilibrium pH value will be obtained for that particular set of conditions.

Hence, it is essential that the two electrodes, without being removed, be pressed

deeper into the compacted soil and the surrounding soil be firmly pressed

against them. Care is taken in having sufficient soil to protect the sensitive

terminal portion of the glass electrode from striking the bottom of the beaker.

It is essential that the beaker have a diameter large enough to permit the in-

sertion of the finger tips in the compacting of the soil about the electrodes.
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The pH readings are made in duplicate after each renewal of pressure on both

electrodes and the accompanying compacting of the soil about them.

At very low moisture percentages, the horn spoon w'as used in spreading

similar films of moisture, however thinly, over each soil particle. After the

electrodes are pressed into soil compacted by gently tapping the base of the

beaker on a folded towel, the contact of the electrodes with the soil must not

be broken. With some soils the final equilibrium was attained just prior to

the splitting of the beaker, so great was the pressure used. When the spring

clamp that holds the electrodes at a given level was loosened, the fullest steady

pressure of the hands was placed upon this electrode-bearing clamp, and
the soil was again compacted about the electrodes.

These electrodes are said to withstand at least 35 pounds of pressure. In

practice none has ever broken under the final pressure given; the only time an

electrode was lost in this way was when a light and powdery chemical was used

in insufficient depth and compactness before the insertion of the glass electrode

and hence the necessary bumper did not exist between it and the bottom of

the beaker. Gentle and patient swaying of the electrodes has always resulted

in their ready removal intact from the soil.

Contact of the soil moisture with the sensitive part of the glass electrode

should be most intimate in order to obtain representative equilibria and ac-

curate pH values. The fact that the pH meter readings at the start and finish

agree with the known pH value of the buffer solution used is no guarantee

that pH readings taken in the interim are accurate and representative of the

actual pH of the soil being tested. Data in this regard have been obtained by

making use of various pure quartz sands and known buffer solutions. It

was through such experiments that the contact of the soil moisture film with

the glass electrode was found to require greater attention.

EXPERIMENTAL

Of prime importance is the manner of determming the pH of soils at mois-

ture percentages comparable to those found in the field. In the preliminary

studies in the field, large pits were dug in certain orchards and shelves were

cut at various depths along the waU of the pit directly across the irrigation

rows.^ Various methods were tested in dealing with the contact of the elec-

trodes with the soil. As each method was tried it was accompanied by the

recording of the pH readings in the shade above ground. Adequate checks

or duplicates were run in order to ensure pH recordings typical for the given

sets of conditions.

The first method was to hold the electrodes firmly in place in the soil

This was accomplished by cutting a fresh surface in turn on each of the hori-

^ During the first three months in the progress of an extensive survey of the pH of orchard

soils in southern California, the valuable assistance of Cecil Compton was made available.



20
,

A. E. C. HAAS

zontal shelves and holding the electrodes firmly in contact with the undis-

turbed soil surface. The second method was featured by the holding of the

electrodes in contact with the soil at the bottom of two holes slightly larger

in diameter than the electrodes. These holes were made in the undisturbed

shelves by hammering or pushing bolts to a certain depth into the soil. In the

third method the soil on a shelf was rapidly chopped with the edge of a trowel.

Immediately thereafter the electrodes were firmly pressed into the soil and the

soil was compacted with the finger tips about the electrodes to well above the

unshielded part of the glass electrode.

The same portion of soil that was tested while in the shelf was next removed

with a trowel. The sample of soil was rapidly mixed with a horn spoon in a

tinned container and was quickly placed in a Pyrex beaker. The three above

described methods were used again, but in a difierent order, in the pH deter-

minations of the soil in the beaker. The third method described for the pit

was used first: the soil in the beaker was compacted by tapping the beaker on

a board and after the electrodes were pressed into the soil, the surface soil was

compacted with the finger tips to wed above the shielded part of the glass

electrode. The first described pit method was next used : the soil in the beaker

was well compacted by means of the fiat edge of a heavy iron bar and firm

contact was made by pressing the electrodes against this hard soil surface.

Finally, the second described pit method was used: the electrodes were placed

in contact with the bottom of bolt holes made in the beaker of soil that pre-

viously had been well tamped with an iron bar. The samples were then stored

in closed soil containers.

In the evening in the laboratory at Riverside or in a ranch laboratory the

pH values of these same soil samples were again determined in the manner

described above for beakers of soil. Upon completion of these pH readings,

the soil samples were again returned to the numbered soil containers and the

moisture percentages were determined in the usual manner by weighing the

containers (using a tare) before and after oven-drying at 105°C, for 24 hours.

Additional soil samples were obtained from every location tested and were air

dried. These were used for the determination of pH at the 1-5 soil-water

ratio. . ,

'

,
,

Data were obtained by these procedures from a large number of soils in

orchards in southern California. Table 1 presents the results obtained in

representative tests. Data such as the moisture percentage and moisture

equivalent are omitted from table 1. A study of the table reveals that the

contact of the glass electrode with the soil is a matter of the utmost importance

in the determination of pH. The table suggests certain storage changes in

the pH of fresh samples and especially the possible effects of gaseous changes,

but these will not be considered here. Any of the methods tested, very fre-

quently gave closely agreeing results when adjacent samples from a soil shelf

were compared, but despite close agreement there was no assurance that the

values obtained represented equilibrium values for the desired set of con-

.;ditions..
'



TABLE

1

Effect

of

contact

of

glass

electrode

with

sail

on

pH

valties

of

soils

at

their

field

moisture

content

pH ' OE SOILS AX LOW MOISTUEE ' CONTENT 21

Sis

§

.. <^ w
pq w

oM H

g s
3 < X!

1 1.2^ « 2

3 1^111
/j c! oj n +-»

5 B ,9 s
2 W! ri “ o

o ^
X! S3

g
qX)'?
K ^ S3 S3"p; S3UX O Q, O OJ

im %

o Os !>. to NO >o o CO o i'-. CO o o ri-i oa O \o O' CO NO O o
o\ On CO CO NO o o. 3>. vrH Os CO o 00 w CO tr~ On CN ON 00

VD NO NO NO NO
.
d NO NO NO NO d to to NO d SC to to d d

,

d i>. NO NO'

o NO lo 00 O P <N S to CN o o H CO to o yH O o o o
CO lO CO so CO On CN o o NO LT^ o o\ 00 lO o H CO O On rH CO

\o NO NO d d to to to NO VO* d to to to to to to to d d d NO NO NO

00 NO NO o CO 00 <N CO CO o On CN o CN CO 00 CO CN CN CO, CO o o VOo '*—1 CM !>. to CN T*1 NO CO to o 3>. o CN CN to o to to CO

lo NO NO to to to to to so to to to Tjf to lo* lO to lO to d d to NO to to

cs o NO to 00 oo o o NO CO o o o o On 03 r> to NO Os
On tH On On r-< On 00 00 NO On o CO HI CO H NO Q NO to 00 On o CO

NO Jt>. NO NO J>- d to NO NO d to to to so d d to to NO d d NO d NO NO

fSJ NO CO lO CO (N fS o CO o CN 00 NO NO CN 00 o CN1 o CO o 00 CN 00
On o to CO CO o cs o On NO NO NO CO x>* O so NO 00 3>. CO Nh 00

NO !>. NO NO no' d to NO to to to* to to to to d to to to d d NO NO NO to

ro <N o o NO rjH Os o 00 CN o o NO o o NO CN Os rH to 00
!>. o

.

lO NO CO CO csj tH to o NO to o CN to CO l-H CO 00 to 00 CO

VO NO d d to to to to to

!

to to d to d d d d d d d d d NO d

lO 00 to On o o o T# NO cs

1

o ON CN O CN o so CO p o CN
Os 00 CO CO o rH d !>. NO NO tH

I

tH oo 00 CO to CN !>.

NO NO lo NO d d to d d d to to to to* d to d d d d d d d d d

lO o CN lO

'

O 1 o o NO ON On so rH o 00 o CN o CN p o !>.

NO NO to ON On On JO* vH ON CO CO CO CN On 00 -"SjH ON tH o to CN CN NO q
NO NO to lO to to d to to to to to to to d d d d to d d d d d d

o p O Os to O CO

j

to to CQ o o o o CO 'H o NO' o 3>- to OS lO CO CO to NO CN Os CO CO CN CD to NO CN 00 NO On CN ON q to

NO NO d to d to d to d to d to to to d d d to to to d d d d

ITi o o o to to O o O to to o o o to to o P' o. to to o q q:
d tH cst CO CO d tH cs CO CO d

;;;

CN CO CO* d tH CN CO d 'O* H CN CO* CO

^ ri g §

^ 0.0 K

ri
fx5

g
W 8 —

<

I«

< Q

^8
I* O

w w
w p(j

di

s K O g D.^ 8 ri^ Pf 9 w d o

g rSn »i

^ on; id a

^x; > o-..^
S 4j o3 sJ'g ®

o’ox e* ”x

fx3 ts-a w *'

iJ'nI s

O d ^ ft
y.S-2'a OS '"

n "" C 9'^ O .sW o'" u *"

w E t 5 01
4> cinqis d o 43

-T3.S y o gxi'd
fl w g cj o

lijllll

sJ 'Sg
'ri 2'2 'SiS0-0 _ g't:;

ij *^13 --* ri

o'© «.52 "
S-O.-O!

w fl g 9

m -S'® <0

g •- o o
'O ri

pj'g.o
pgr

W o|®

H IPk <
H CA

CJ

pq

ci <u
_ bO

I §
S aiw

-CJ M
O I

iB
" Hi

'

.

If
-2 §

2><
_3d« 'd

‘S
CD ai

to 2
p .s
P P4

cJ

si
§ ^

*13 M

§
^ Pi5

6
o

-2^

;

d
<1

B
d
c/3

+j
c3

S'

r2
jS



22 .
A. R. C. HAAS

Table 1 makes it dear that a full coverage of the unshielded part of the

glass electrode accompanied by the most intimate contact of the glass elec-

trode with the soil gave the highest pH readings. In the bolt holes the glass

electrodes remained faintly damp much longer than they did in surface contact

with the soil shelf without the holes. The lowest pH readings were those

obtained by mere surface contact, whereas the intermediate readings were

those in which the electrodes were shielded in bolt holes. Thus without this

study of the effect of electrode contact on pH, erroneous pH readings may be

reported; not that the pH readings are inaccurate in themselves but that the

equilibrium they represent is not the equilibrium that it is desired to measure.

The sensitive part of the glass electrode used consists primarily of the hemi-

spherical glass chamber at the extreme end of the electrode. It is essential to

ascertain whether accurate pH readings are obtainable when only a part of

the sensitive glass is in contact with the moisture of the sample. One of the

early tests conducted was to place the electrodes in beakers containing various

depths of concentrated buffer solution which previously was used in large

quantities to adjust the pH meter readings to 5.0. The final reading at a

depth of about 2 mm. was 5.04, whereas that at about 1 mm. was 5.20. When
the beaker was nearly emptied and the electrodes were placed against the

heavily moistened walls, a value of 5.24 was obtained. When all of the con-

tents of the beaker were shaken out, contact of the electrodes on the moist

glass gave a reading of 5.15. Other tests were made in which the sensitive

part of the glass electrode was painted with purified paraffin in various designs.

When much of the surface area was coated, the pH readings of the buffer

solutions were affected, perhaps because of the inability of the liquid to reach

some of the uncoated areas, as well as the reduction in the imcoated areas

presented to the solution.

Experiments with quartz sands

Before a large number of pH determinations were to be made in the field,

it was advisable to study first the problem of electrode contact. This was
carried out by means of pure quartz sands and concentrated buffer solutions.

Ottawa sand was found to pass entirely through the 20-mesh sieve and remain

on the 40-mesh. Approximate fractionation of Corona quartz sand gave the

following percentage separates: 9 per cent remained on the 40-mesh sieve,

71 on the 60-mesh, 5 on the 80-mesh, 11 on the 100-mesh, and 4 was finer than

iOO-mesh. Pure quartz flour was much too fine to be held by the 100-mesh

sieve. ,,

Various aqueous mixtures of quartz sands were prepared and the pH values

determined. The sands were not subjected to any purifying process. Since

silicic acid is usually considered as alkaline when in aqueous solution and
contains silica as do the sands, it was included in these preliminary pH tests.

The results (table 2) for silicic acid are considered to be only approximate.

Table 2 shows that the quartz flour was almost entirely free of moisture
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before the mixtures were made. The initial pH of the distilled water was 5.70,

and hence in every case the sands raised the pH of the distilled water that was
added to them. The increase in moisture percentage brought about increased

pH values in the case of silicic acid.

In table 2 it is shown that with 25 to 100 per cent of moisture, the pH values

were the greater according to the fineness of the sand. Carbonates, silicic

acid, and other hydrolyzable compounds were suspected of bringing about

much of the change in pH that accompanied the aqueous dilution of the sands.

In an experiment the pH meter was standardized with a concentrated buffer

solution of pH 4.10. When the concentrated buffer solution was added to

quartz flour in sufficient amount to produce saturation, the pH reading of the

TABLE 2

pE mines of aqueous mixtures of quartz sands and of silicic acid

DISTILLED
WATER*
ADDED TO
100 GM. OE

SAND

OTTAWA
QUARTZ
SAND

CORONA
QUARTZ
SAND

QUARTZ
I'LOUR

MOISTURE
PERCENTAGE
OF QUARTZ

FLOUR AT END
OF TEST

DISTILLED
WATER*

ADDED TO 50
GM, OF C.P.

SILICIC ACID

C.P. SILICIC

ACID

CC. pH pH pH CC. pH

5 6.79 7.47 7.41 4.4 2.5 5.88

10 7.05 7.54 7.46 9.5 5.0 6.21

15 7.02 7.56 10.0 6.50

20 6.95 7.57 15.0 6.72

25 6.67 7.59 8.24 24.4 25.0 7.60

35 6.99 7.77 8.62 34.3 35.0 8.03

50 7.14 7.75 8.85 50.0 8.10

100 6.92 7,78 8.93 75.0 8.28

200 6.75 7.19

300 6.44 6.87

400 6.84 6.46

500 6.27 6.60

1,000 6.05 6.40

* pH of distilled water = 5.70.

mixture was 4.12. This mixture was then diluted with an equal volume of

the dry quartz flour. The pH of the uniform mixture had now changed to

4.26. This mixture in turn was diluted m a similar manner with an equal

volume of dry quartz flour. This was accompanied by an increase in the pH
to 4,38. The moisture content of the final mixture was 13.6 per cent.

Quartz flour when added to distilled water (pH 5.82), rapidly increased

the pH to 6.68. Because of the apparent hydrolysis of certain substances,

mixtures of distilled water with sand were found to offer very little information

regarding the effect of electrode contact. Therefore concentrated buffer

solutions were next substituted for the distilled water in experiments with

quartz sands. The pH meter was standardized with the undiluted buffer

solutions to read pH 4.10 or 7.00 at the temperature required. The pH meter

standardization was very frequently checked during every series of tests.
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Table 3 shows some of the variations in the pH readings when a concentrated

buffer solution was added in different amounts to quartz sands of several de-

grees of fineness. Generally the variations from pH 4.10 were less with the

increased dilution of the sands and were by far the greatest with quartz flour.

With the concentrated buffer of pH 7.00 the quartz flour gave more accurate

results than with the buffer of pH 4.10, and the results with the quartz flour

were more accurate with the increased dilution of the flour with the concen-

trated buffer solution.

TABLE 3

pE readings oUained when comenfrated htifer solutions were added to quartz sands

CONCENTRATEB BUFFER *

SOLUTION .UDDED TO :

iOOGM.OFSAND
j

OTTAWA QUARTZ SAND CORONA QUARTZ SAND : QUARTZ FLOUR

CC. pH pH pH

Buffer solution of pH 4.10

2.5 4.30 4.30
!

4.81

S.O 4.28
1

4.26
j

4.58

7.5 4.33
1

4.21
i

4.58

10.0 4.25
1

4.17
j

4.53

15.0 4.21
j

4.16 4.41

20.0 4.22 4.17 4.36

30.0 i

35.0 4.24

Buffer solution of pH 7.00

2.5 6.91 6.78 6.64

5.0 6.80 6.84 6.78

7.5 6.66 6.86 6.84

10.0
;

6.64 6.88 6.95

15.0 6.72 6.91 6.96

20.0 6.98 6.88 6.94

30.0 6.99

The disturbing factors presented in table 3 were sought out by purifying

the various sands. The sands were placed in 20-Iiter wide-mouth glass bottles

and were shaken with freshly distilled water. The supernatant solution was
removed by decantation after the sand had settled. This procedure was
repeated 20 or more times for each lot of sand. The sands were then oven-

dried in glass dishes at a low temperature. Some of the determinations re-

ported in table 2 and all of those reported in table 3 were repeated with these

purified sands. The quartz flour used contained about 0.05 per cent of mois-

ture. The moisture equivalents (as determined in duplicate) of these purified

sands were: Ottawa sand, 0-0.08 per cent; Corona sand, 1.2 per cent; and
quartz flour 12,2 per, cent. ;

Table 4 (when compared with table 2) shows that increased dilution of the
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purified quartz flour with distilled water increased the pH of the mixture but

not so much as before the quartz flour was purified. Purification of the quartz

sand by acid extraction before working with distiUed water was not attempted.

The purified sands were then used as in table 3. The resulting pH readings

are given in table 5, It is apparent that when suflicient buffer is present the

pH values at lov/ moisture contents may be determined very accurately when
certain factors are given attention. When dealing with low moisture contents,

each part of the glass and of the calomel electrodes is best wiped dry with a

sheet of tissue paper and then rewiped with a new sheet of the paper. When
dealing with high moisture contents such a precaution is not essential. The
use of a horn spoon or some agent for thoroughly distributing the surface

films and for making a thoroughly uniform mixture was most necessary.

While the pH readings reported in table 5 were being made, it was found

that equilibria which may not be the desired ones may be obtained. This

may be seen most clearly in the pH readings obtained for the first lot of quartz

TABLE 4

Effect of small amounts of distilled water on the pH readings of purified qtiariz flour

DISTILLED WATER* ADDED TO
100 GM. OE QUARTZ ELOUR

pH READING OF QUARTZ FLOUR

-

WATER MIXTURE

MOISTURE PERCENTAGE
OF QUARTZ FLOUR AT END OF

TEST

CC,

2.5 6.27 2.5

5.0 6.57 4.6

1,S 6.57 7.1

10.0 6.68 9.4

12.5 6,89 12.0

* pH of distilled water = 5.53.

flour samples as compared with results obtained for the second lot of samples.

By the use of pressure in obtaining good contact between the electrodes and

the aqueous phase, fairly accurate readings were obtained, provided the con-

tact was repeatedly tested for improvement. The pH values given in table 6

show the effects of the electrode contact with the films of moisture in the

sample. The pH readings were first made at the lower temperature and then

at a temperature 5°C. higher in order to obtain the pH at the desired tempera-

ture by interpolation. The pH determinations reported subsequently to

table 6 were conducted with a new pH meter with temperature calibrations

at 1° instead of 5°C.

Experiments with calcium carbonate^ calcium sulfate, and sodium chloride

When the precautions mentioned are observed, pH readings may be ob-

tained at very low moisture contents. With the sample the pH of which is

determined immediately after standardization of the pH meter, greater pa-

tience may be required before finalequilibrium is reached than in dealing with
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the other replicate samples that follow in turn thereafter. In the procedure

followed 50 or 100 gm. of the powdered chemical was intimately mixed with a

definite volume of distilled water by means of a horn spoon in a tinned con-

TABLE 5

pH readings obtained when concentrated buffer solutions were added to purified quartz sands

CONCEN-

COEONA QUAETZ
SAND

QUAETZ ELOUE

COEONA
QUAETZ
SAND

THATED
BOTFEE
SOLUTION
ADDED TO
100 GM.
01 SAND,

OTTAWA
QUAEIZ
SAND

Origi-

nally
deter-
mined

Rede-
ter-

mined
after 6
hours

Origi-

nally
deter-
mined

Rede-
ter-

mined
after 24
hours

Second
lot

sam-
ples*

Addi-
tional

sam-
ples!

OTTAWA
QUAETZ
SAND

QUAETZ
FLOUE*

Buffer solution of pH 4.10 Buffer solution of pH 7.00

cc. pH pH pH pH PH pH pH pH pH

2.5 4.17 4.10 4.16 4.40 4.60 4.10
f4.13

\4.08
6.88 6.99 6.96

5.0 4.11 4.08 4.13 4.35 4.48 4.10
|4.09

\4.10
6.90 7.00 6.95

7.5 4.10 4.07 4.09 4.31 4.41 4.12 6.93 7.00 7.03

10.0 4.08 4.09 4.29 4.35 4.07 7.00 6.96 6.99

12,5 4.10 4.05 4.24 4.42 4.13 6.91 7.00 7.14

15.0 4.10 4.08 4,29 4.29 4.14 .... 6.93 6.92 6.95

17.5 4.15 7.07 7.00 7.04

20.0 4.16 7.00 6.96 7.00

22.5 4.13 6.97 6.90 7.00

25.0 4.15 6.98 6.98 7.07

Moisture percentage of sand at end of test

2.5 2.3 2.1
f2.1

12.2
1.8

5.0 4.7 4.2
14.7

\4.6
4.2

7.5 7.0 6.6 6.4

10.0 9.4 9.2 8.9

12.5 11.5 11.4 11.3

15.0 14.1 13.9 13.6

17.5 16.4 15.9

20.0 18.7 18.6
'22.5

1 21.3 20.9
25.0 'i .... 23.7 23.3

* Prepared samples kept overnight in covered beakers; standardizing buffer solution treated

similarly.

t pH readings obtained immediately after samples were prepared.

tainer, and the mixture was then transferred to a Pyrex beaker of a size suitable

for compacting the material, by means of the finger tips, about the electrodes.

The electrode contact with the moisture films in the samples was renewed
by pressing the electrodes deeper into the sample, followed by additional
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compacting of the soil about the electrodes. The final pH reading was ob-

tained whenever the pH readings that followed each of three successive elec-

trode contact renewals were virtually unchanged.

TABLE 6

Final pE readings as afected hy electrode contact

SIMPLE INSERTION OE ELECTRODES EOLLOWED BY REPEATED RENEWAL OF PRESSITRE (ELECTRODE CON-
SINGLE COMPACTING OE SAMPLE ABOUT ELECTRODES TACT) WITHOUT REMOVAL OE ELECTRODES

2.5 cc. concentrated buffer solution of pH 7.00 added to 100 gm. of Ottawa sand

20“C. 25“C. 23X.
(temperature of
the mixture)

20°C. 25“C. 24°C.
(temperature of

the mixture)

6.80 6.71
\

6.71* 6.83

6.80 6.71
j

6.75=** 6.84

6.81 6.71 6.75 6.80=*' 6.85

6.81 6.90* 6.85 6.88

6.81 6.93*

6.97*

6.98t

5 cc. concentrated buffer solution of pH 7.00 added to 100 gm. of Ottawa sand

20“C. 25“C. 23°C. 20X. 25*C. 24“C.
(temperature of (temperature of
the mixture)

i

the mixture)

6.78 6.72 6.78* 6.88

6.81 6.73
> 6.75

6.80* 6.88

6.81 6.73 6.85* 6.88

6.81 6.91*
> 6.90

6.97*

7.00*

7.00*

7.00*

5 cc. concentrated buffer solution of pH 7.00 added to 100 gm. of Corona sand

2S“C. oO^C. 26“C.
(temperature of
the mixture)

6.78* 6.84

6.86* 6.84

6.92*

7.04*
> 7.00

7.04*

7.04*

* At least two successive similar pH readings were obtained, after which the pressure on

the electrodes was renewed and the sample was further compacted about the electrodes.

t Further pressure on the glass electrode in such coarse sand is likely to damage the

electrode.

The calcium carbonate powder was from lot 112,937 (Bakers’ Analyzed c.p.

powder) with percentage impurities listed as follows: SO4, 0.09; Cl, 0; heavy

mptals (as Pb), 0.001; alk. 0.40. This chemical was shaken with 5 gallons of
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distaied water, which was poured off after the powder settled. After many

repetitions of this procedure, the powder was dried in shallow glass dishes at

a low temperature. The moisture equivalent of the purified powder was 23.3

per cent.

TABLE 7

pH readings oUained wheit distilled water was added to calcium carbonate powder

1 C.P. CAXCrOM CARBONATE
1

PTOIPIED CALCIUM CARBONATE
OISmiEP WAXES

ADDED TO 100 GM. OF
Moisture percentage Moisture percentagePOWDER pH pH

at end of test at end of test

U.

1.0
1

f8.70*
0.6

Vs. 54

[8.82*

2.0 ]9.00 1.3

1 [8.90

2.5
'

,

1 9.10 1.7

3.0 9.10 2.4

4.0 9.32 3.3
f9.09*

\8.99
3.6

5.0 9.32 4.2

6.0 9.30 5.2
*O

O
5.3

6.3 9.08 5.7

7.0 9,36 6.2

8.0 9.41 7.1 9.08 7.3

9.0 9.35 8.0

10.0 9.31 9.0 9.05 9.4

12,5
1

f8.90 /II .8

\8.94 \ll.9

15.0

25.0

9.35 14.1

[8.69 /24.0

o00 \24.4
50.0 9.30 48.6

75.0 9.50 73.6

[9.34 [....

100.0 ]9.58 ....

19.50 [98.6

[9.47

500.0 ]9.71

[9 . 65

1,000.0 9.70

Replicate use of the same sample.

The samples of powder and distilled water were thoroughly mixed with a
horn spoon, and all of the other precautions mentioned were taken. In some
cases the same sample was used a second time in order to note the degree
of consistency of the results. Table 7 shows the pH changes corresponding to
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the various dilutions. With the low moisture percentages the changes in the

pH readings were relatively small.

Similar determinations were made with Bakers’ Analyzed c.p. calcium sulfate

powder (CaS04 * 2H20) of lot number 8135, the label of which indicated the

following percentage impurities: Cl, 0.002; CO3 , 0.20; Mg and alk., 0.10;

Fe, 0.001; N, 0.02; heavy metals (as Pb), 0.002. Table 8 gives the data ob-

tained. The moisture percentages indicate the large amounts of moisture

present in such powder and the relative uniformity of the pH readings at all

except the highest dilution. Tables 7 and 8 show that even with the smallest

additions of distilled water, both compounds gave alkaline pH readings. With

TABLE 8

pH readings oUained when distilled water was added to calcium sulfate or to

sodium chloride powder

DISTILLED
WATEE* ADDED
TO SO GM. OE

c.p. CALCIUM SULFATE
CALCIUM SULFATE FROM
SECOND BOTTLE OF SAME

LOT NUMBER
DISTILLED

water! added
TO 100 GM. OF

C.P. SODIUM CHLORIDE

C.P. CALCIUM
SULEATE
POWDEE pH

Moisture
percentage
at end of

test

pH
Moisture
percentage
at end of

test

C.P, SODIUM
CHLORIDE
POWDER pH

Moisture
percentage
at end of

test

cc,

1.5 7.77 24,6

CC.

2.0 7.69 23.6

3.0 7.81 24.5

4.0 7.80 27.7 7,89 27.2 4 5.95 3.9

5.0 7.80 26.8

6.0 7.88 32.2 7.96 31.7 6 5.97 5.7

7.0 7.79 38.4
j

8.0 7.80 40.5 7.83 36.4 8 6.12 6.6

9.0 7.81 41.5 '

10.0 7.91 40.9 10 6.20 8,6

500.0 8.15

^ pH of the distilled water 5.80.

t pH of the distilled water 5.63.

such compounds, the values at the highest dilution varied considerably, de-

pending on the source of the product. This agrees with the experience of

Buehrer and Williams (1).

In the experiment with sodium chloride, a c.p. product was purified by two

successive recrystallizations, and the resulting chemical was powdered after

being dried. Table 8 shows the pH readings obtained when low percentages

of moisture were used. Increased dilution slightly increased the pH readings.

AU of the mixtures tested were acid.

pH of soil at field moisture content

The importance of the electrode contact may be well illustrated with a soil

sample obtained in a closed container on July 8, 1940, from a walnut orchard
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near Santa Barbara, California. The sample represented the depth between

3 and 4 feet. The soil was passed through hardw^are cloth (8 square meshes

per inch) in order to remove coarse gritty material and to break up the lumps.

A suitable sample of the screened soil was thoroughly mixed with a horn spoon

and was placed in a 250-cc. Pyrex beaker, the base of which was tapped several

times against a cloth on the table top, in order to compact the soil. The

electrodes were then inserted with considerable pressure, and a small additional

amount of the soil sample was added, after which the soil was well compacted

against the electrodes, care being taken to cover fully the unshielded part of

the glass electrode. A new Beckman pH meter was used with temperature

corrections for any desired soil temperature. The actual pH recordings were:

(27° mixture) 6.56, 6,56, 6.58, 6.60, 6.60, 6.60, 6,61, 6.61, 6.62, 6.63, 6.63, 6.64,

6.64, 6.66, 6.66, 6.67, 6.67, 6.67, 6.67, 6.68, 6.69 (8 times), 6.70 (9 times), 6.72

(18 times). Then the method^ of reapplying pressure on the electrodes and

recompacting the soil about them was used in continuing with this same soil

sample. The pH readings were: 6.93=^ 6.97=^i 7.00*, 7.00*, 7.00*, 7.00*, 7.00*.

The electrodes were removed from the soil, which was then broken up with

the spatula and, after being remixed, was returned to the beaker. The

pH determinations w^ere repeated as before. The electrodes, after being

cleaned and wiped dry, were pressed only once into the soil, and the soil was

compacted only once about the electrodes. The pH recordings were: (28°

mixture) 6.69, 6.69, 6.70 (4 times), 6.71 (9 times). Then the pressure and

recompacting method was used in continuing with the same soil sample, and

the foiiownng pH readings vrere observed: 6.89*, 6.92* 6.95*, 6.97*, 6.98*,

6.99*, 6.99*, 6.99*, 6.99*. The standardization of the pH meter changed in-

appreciably throughout these and all other tests made in this report.

pH of soils at very low moisture percentages

Some preliminary pH readings were made on air-dry soil that had been

screened through hardware cloth (8 square meshes to the inch). In some cases

a second large sample was also screened from the same original field sample, a

day or more after the first large sample was screened. No particular care

was taken to screen these samples to finer proportions, but considerable care

was taken to mix the soil thoroughly in order to distribute the soil films uni-

formly. Table 9 illustrates the kind of results obtained when the soils con-

tain relatively low moisture percentages.

It is of much interest that at these moisture contents none of the soil mix-

tures show alkalinity even though at high moisture content some of them react

strongly alkaline (4).

2 The asterisk indicates that at least two successive similar pH readings were obtained,

after which the pressure on the electrodes was renewed and the sample was further compacted
about the electrodes.
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pH of soils at very widely different moisture percentages

A large number of soil samples were obtained from representative citriiSj

walnut, and avocado orcbards throughout southern California. Air-dried

samples were selected from among these and were passed through a 2-mm,

(circular hole) mesh sieve. Determinations of pH, by the method described,

were made on these soils to which various amounts of distilled water were

added.

Table 10 shows the type of results obtainable w^hen very low as well as very

high percentages of soil moisture are employed. Opportunit}^ is also given

to compare these results with those obtained when the measurements were

TABLE 9

pH mines of soils at very low moisture percentages

2.5 cc. distilled water added to 100 gm. of air-dry soil

SAMONA SOIL
TYPE NEAR
CITPUS EXP.
STATION AT
EIVEPSIDE

VIBGIN SOIL
NEAP FALL-
BROOK (2-3-

FOOT depth)

YOLO SOIL
FROM XJNIV.

OF CALIF. AT
LOS ANGELES

TRAVER SOIL
FROM UNIV.
OF CALIF. AT
LOS ANGELES

HANFORD
SOIL (pas-
ture) NEAR
CITRUS EXP.
STATION AT
RIVERSIDE

ALTAMONT
SOIL (over-
lying lime-
stone) NEAR

i

COVINA

i

Mois- Mois- Mois- Mois- Mois- Mois-
ture ture ture ture ture ture

pH per- pH per- pH per- pH per- pH per- pH per-
cent- cent- cent- cent- cent- cent-
age age age age age

j

age

[

6.58 2.T 5.15 4.6| 5.50 5.5 6.79
I

4.0 6.34 3.6 5.19 8.9

First samples ! 6.62 2.7 5.18 4.6 5.60 5.6i 6.80 3.8| 6.47 2.6 5.33 8.7

6.50 2.7 5.63 5.6 7.00 3.7 6.45 2.6
\

[

5.33 4.4 5.60 5.5 6.92

1

3.8 5.00 8.5

Second samples
j

5.33' 4.4 5.60 5,6 6.93 3-9 5.23' 9.0

5.52| 4.4 6.90 3,9 5.40 9.4
1

Moisture equiv- 11.9 16.7 27.4 18.3 8.8 40.2

alent

made in the field. Fairly concordant results were obtained when separate

100-gm. samples of the screened air-dried soil were used at very low moisture

percentages, as shown in table 10. In this table, as well as in succeeding tables,

the pH values of the first one or two samples at very low moisture content

may deviate the most from the mode of the readings. The surprising fact is

the very active effect of moisture in the low range of moisture percentages.

One of the sods has a very high moisture equivalent—approximately four

times that of the other two soils—and as the data show, it also has a high

percentage of hygroscopic moisture. From an examination of tables 10 to

13 inclusive, it appears that the pH value of a soil has very little significance

unless at the very least it is accompanied by the moisture percentage values.



32 A. R. C. HAAS

Table 11 shows the results obtained with soils of low moisture content from

avocado orchards. These soils showed a considerable degree of acidity when

TABLE 10

EJfect of moisture content on pH values of soilsfrom citrus orchards

DISTILLED
WATE^E, CC.,

ADDED TO 200
GM. 0,P AIE-
DEIE.D SOIL

VilLENCIA ORANGE ORCH-4ED,*

29 YEA-RS old; bardsdale;
IN VENTUEA COUNTY ; YOLO

FINE SANDY LOAM

OLD LEMON ORCHARD; ALTA
LOMA IN SAN BERNARDINO
county; HANFORD SANDY

LOAM

WASHINGTON NAVEL ORANGE
orchard; 25 years old;

WOODLAKE IN TULARE COUNTY;
HEAVY SOIL

pH Moisture
percentage

pH Moisture
percentage

pH Moisture
percentage

Sample 1-2 feet; moisture
equivalent 14.2

Sample 0-0.5 foot; moisture
equivalent io.2

Sample 0-i foot; moisture
equivalent 39.9

0 4.22 1.7 4.62 1.0 4.00 6.9

0 4.32 1,9 4.51 1.0 4.43 7.0

0 4.62 2.0 4.80 1.1 4.40 7.2

0 4.32 1.9 4.66 1.1 4.30 7,3

0 4.47 1.9 4.20 7.3

0 4.72 1.7 4.35 7.5

0 4.70 1.7 4.30 7.4

0 4.69 1.8

0.5 4.60 8.3

1.0 5.62 2.1 4.70 8.6

1.0 5.39 2.1

1.0 5.57 2.1

1.0 5.53 2.0

1.0 5.42 2.2

1.0 5,66 2.1

1.0 5.52 2.0

1.0 5.50 2.1

1.5 5.00 8.9

2.0 5.22 9.5

2.5 5.28 9.8

Samples at various depths

500* 7.21 6.54 7.98

500 6.98 6.18 8.19

500 6.90 6.82 8.42

500 7.01

500** 7.09 8.73

Field* 7.19 12.4 6.30 11.7 5.70 24.3
Field 6.65 11.0 5.60 9.4 5.97 26.6
Field 6.70 11.5 6.35 16.2 6.08 27.4
Field 6.73 9.5

Field** 6.76 11.0 5.85 24.5'

Depth (feet): O-O.S, 0.5-1, 1-2, 2-3, and 3-4, respectively.

field determinations of pH were made. The growth of the trees in every case

was of excellent quality. Low sprinklers were used in the irrigation of each
of these orchards.
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The soils from the orchards reported in table 11 had moisture equivalent

values of 7.0, 12.0, and 19.4 per cent, respectively. With soils of this charac-

TABLE 11

Efect of moisture content on pE values of soilsfrom avocado orchards

DISTILIJED
WATEE, CC.,

ADDED TO 100

FUERTE AVOCADO ORCHARD,
12 YEARS OLD, MT. HELDC

AREA IN S.4N DIEGO COUNTY;
8 LBS. N, 2 LBS. P, 2LBS.K;
YIELD A\?ERAGE: 160 LBS.

FEE TREE

TOP-WORKED SEEDLING AVOCADO
ORCHARD, 26 YEARS OLD, ESCON-
DIDO IN SAN DIEGO COUNTY; NO

ORGANICS OR CULTIVATION; 3 LBS .

N FEE TREE

LARGE AVOCADO TREES; LA
HABRA IN ORANGE COUNTY;
RECENT ^ALLUVIAL BLACK
LOAM IN TOP FOOT, GRADING
TO FINE SANDY LOAM IN

FOURTH FOOT

GM. OF AIE-
DEIED SOIL pH Moisture

percentage
pH Moisture

percentage
pH Moisture

percentage

Sample 1-2 feet; moisture
equivalent 7.0

Sample 0-1 foot; moisture
equivalent 12.0

Sample O-O.S foot; moisture
equivalent 19.4

0 4.00 2.0

0 4.21 2.0

0 4.04 1.9

0 4.20 2.0

0 4.19 2.1

.5

.5 ....

.5

1.0 5.10 3.2

1.5 5.93 2.2

1.5 5.80 2.2

1.5 5.90 2.1

l.S 6.00 2.2

2.5 6.20 3.1 6.39 3.3

2.5 6.30 3.5

2.5 6.28 3.4

2.5 6.42 3.4

10.0 7.00 10.7

Samples at various depths

dry
area

wet
area

dry
area

wet
area

500* 5.27 6.90 6.74 7.40

500 5.42 7.20 6.99 7.40

500 5.71 7.50 7.33 6.94

500 6.35 7.61 7.43 7.03

500** 6.67 7.68 7.57 6.94

Field* 4.65 10,4 5,41 6.21 8.9 14.6 6.20 19.1

Field 4.98 7,8 5.91 6.15 6.3 12.2 6.25 17.8

Field 5.19 8-6 5.95 6.39 6.2 11.2 5.98 15.6

Field 5.57 8.6 5.97 6.58 6.5 10.6 5.75 12.8

Field** 5.99 8.9 6.05 6.57 6.5 9.8 5.66 10.4

Depth (feet) : 0-0.5, 0.5-1, 1-2, 2-3, and 3-4, respectively.

ter, fairly accurate pH determinations were obtained at extremely low mois-

ture contents. In the dry area samples of the soil from the Escondido district

the pH values obtained at the 1:5 soil-water ratio were higher than the cor-



TABLE 12

Effect of moisture content on pH values of soils from orange orchards

WASHINGTON NAVEL
VALENCIA ORANGE ORCHARDS ORANGE ORCHARD

1 1 16 years old; sour 42 years old; La Verne

lOyearsold; 12 years old; Rancho Santa Fe stock; San Fernando Heights, Los Angeles

chlorosis; Placentia in San Diego County; Altamont in Los Angeles County; no organics

WATER, CC,,

ADDED TO
100 GM. OF

in Orange County clay soil County; clay loam
soil

or cultivation; ex-

cellent orchard

AIR-DS'IED
SOIL pH

Id^oisture

percent-
age

pH Moisture
percentage

pH
Moisture
percent-

age
pH

Moisture
percent-

age

Sample 2-3 feet;

moisture equivalent
19.3

Sample 0-0.5 foot; moisture
equivalent 29.2

Sample 1-2 feet;

moisture equivalent
25.6

Sample 1-1.5 feet;

moisture equivalent
14.5

0 3.70 2.6 3.94 5.9 3.70 3.7

0 4.52 2.7 3.96 6.0 4.00 3.7

0 4.61 2.7 3.96 6.1 4.00 3.6

0

0

.5

4.50 2.7 4.00 6.0 4.00 3.5

4.50 4.1

.5 4.62 4.1

.5 . 4,52 4.1

1.0

1.5 6.00 3.9 4,80 7.4

1.5 6.20 4,0 4.70 7.4

1.5 6.22 4.0 4.72 7.3

1.5 6.19 4.1 4.76 7.3

2.5 6.49 4.9 5,20 8.3 5.10 3.3

2.5 5.01 3.3

2.5 4.99 3.3

2.5 5.05 3.4

10.0 5.48 10.6

Samples at various depths

dry wet dry wet
area area area area

500* 7.63 8.00 7.80 7.25 5.80

500 7.97 8.47 7.79 7.20 5.22

500 8.52
/8.07t [7.58t

7.07
f5.70t

\8.18 \7.58 \6.37

500 8.67 6.95
(6.52

\6.63

[6.93

\6.90
500** 8.76 8.10

Field* 7.27 24.8 5.63 6.40 13.8 29.7 6.11 23.5 5.74 16.9

Field 7.15 22.3 5.65 6.20 11.0 27.1 5.96 22.4 5.39 11.2

Field ;7.ii' 29.2
[5.74 [5.90 [14,8 f27.1

5.77 23.0
[5.42 [li.8

\5.75 \S.80 \16.1 \26.S \S.54 (11.5

Field 7.10 16.6 5.87 22.3
[5.96 [10.9

(6.10 (10.8

Field** 7.42 18.0 6.51 22.2
[6.15 [10.9

\6.23 (8.9

Depth (feet) : 0-0.5, O.S-^1, 1-2, 2-3, and 3-4, respectively,

t Foot divided into 6-inch fractions.

34
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responding values determined in a similar manner for the wet area samples.

The undiluted field samples in the wet area gave higher pH values than those

in the dry area.

The data reported in table 12 show the effects of moisture on the pH of soils

of orange orchards of various ages. Ail orchards except that at San Fer-

nando were irrigated by means of low sprinklers. In the Placentia orchardj

basin irrigation had been practiced until the pH determinations were made.

The use of portable low sprinklers has enabled a better control of the applica-

tion of the irrigation water and has already resulted in an appreciable decrease

in the severity of chlorosis. The soil from this orchard showed a distinct

alkalinity at the field moisture content but reacted acid at ver^r low moisture

percentages, as seen in table 12.

A marked acidity was found in the field determinations of the pH of the

soils in the last three orchards considered in table 12. In the soil from the

second orchard a variation of 4 pH units was brought about by varying the

moisture content. In the fourth orchard, samples of soil were taken at 6-inch

increments during the pH determinations made in the field. Below the first

6 inches, there was a gradual increase in the pH with each increment of 6

inches in the depth of the sample.

A second lot of soil was taken from the original field sample from the Rancho

Santa Fe area (table 12), and was thoroughly mixed after being run through a

2-mm. sieve. Distilled water (3.5, 4.5, 5.5, 6.5, 7.5, 8.5, and 9.5 cc., respectively)

was added to 100 gm. of the air-dried soil. The pH readings of the resulting

mixtures were: 5.26, 5,62, 5.80, 5.92, 6.00, 6.10, and 6.17, respectively. The

moisture percentages of these mixtures at the end of the tests were: 9.8, 11.0,

11.9, 12.5, 13.7, 15.1, and 16.3, respectively. Thus, the continued rise in the

moisture percentage was accompanied by an increase in the pH readings.

In a comparison of soil samples from the wet and dry areas in the Rancho

Santa Fe orchard, the pH values for the 1 : 5 soil-water suspensions were higher

for the dry area, whereas the pH values of samples at field moisture were

higher for the wet area. These data for a Valencia orange orchard are in

agreement with those shown in table 11 for an avocado orchard at Escondido.

Several soil types varying widely in moisture equivalent percentages were

selected as representative of many lemon orchards in southern California.

The results of pH determinations on these soils are given in table 13. Many
of the pH readings are typical of these soils below or near the wilting point.

The sagebrush covered soil adjacent to the lemon orchard at Failbrook became

more acid as the depth increased as the parent rock was approached, even

though the moisture percentage was increasing with depth. In the case of

the soil from Upland it was necessary to screen out the rocks before any sample

could be obtained. The soils from Ventura County tended toward alkalinity

at the field moisture content. At the 1:5 soil-water ratio the Ventura soils

were distinctly alkaline, but at very low moisture contents they reacted acid.

The results in the tables thus far make it appear that at very low moisture
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contents, all sofls may be on the acid side of neutrality. The data presented

m table 14 show that this is not entirely true. In alkaline soils the increase

in pH with increases in the soil-water ratio is considered to be due to the

TABLE 13

Effect of moishire content on pE val'ues of soils from lemon orchards

DISXiLtEI)

WATES, CC.,

ADDED TO

HANFORD STONY
SANDY LO/UE;

UPLAND IN SAN
BERNARDINO

county; complete
fertilizer; no

M-ANURE OR COVER
crop; excellent

ORCHfVRD

VISTA SANDY
loam; SAGEBRUSH
COVERED L.^AND

ADJACENT TO A
LEMON orchard;
FALLBROOK IN

SAN DIEGO COUNTY

YOLO gravelly
LOAAl; BORON
AND CHLOROSIS-

AFFECTED
orchard;

FILLMORE IN
VENTURA COUNTY

SORRENTO SANDY
loam; boron
AND CHLOROSIS-

AFFECTED
orchard;
OXNARD IN

VENTURA COUNTY

SORRENTO CLAY
LOAM; MONTALVO

IN VENTURA
COUNTY

iOO GM. OF
AIE-DEEED

SOIL pH
Moisture
percent-

age
pH

Moisture
percent-

age
pH

Mois-
ture

percent-
age

pH
Mois-
ture

percent-
age

pH
Mois-
ture

percent-
age

Sample 0
moistur

aleni

-O.S foot;

e equiv-
11.2

Sample 2-3, feet;

moisture equiv-
alent 16.7

Sample 2-3 feet;

moisture equiv-
alent 18.7

Sample 1-2 feet;

moisture equiv-
alent 23.2

Sample 2-3 feet;

moisture equiv-
alent 27 .8

0 4.50 1.9

0 4.77 1.7

0 4.80 1,7

0

0

0.5

....

....

4.83 1,8—
O.S ....

0.5

1.0 ....

1.5 — 6,40 3.2

l.S 6.48 3.1

1.5 6.46 3.1

1.5 6.51 3.1

2.5 5.63 3.3 5.33 4.8 6.92 4.0 6.50 4.9 6.02 5.5

2.5 5.70 3.2 5.58 4.9 6.45 4.9 6.25 5.5

2.5 5.74 3.3 5.50 4.9 6.46 4.9 6.39 5.7

2.5 5.77 3.3 5.50 4.8 6.50 4.8 6.34 5.6

10.0 6.12 10.5 6.37 12.3 7.39 12.3 7.20 13.3

Samples at various depths

SOO'-^ 6.48 7.00 8.03 8.40 7.36

500 6.20 7.14 8.48 8.86 7.40

SOO 6.83 8.58 8.89 8.13

500 6.98 8.60 8.90 8.37
500’^* 8.33 8.82 8.51

Field’** 5.77 13.4 6.13 6.6 7.13 16.9 7.56 11.8 6.25 20.9

Field 5.56 11.6 6.30 7.9 7.44 16.8 7.59 18.3 6.50 21.0

Field 6.03 11.0 7.39 12.8 7.54 16.6 6.70 22.8

Field 5.84 13.5 7.15 12.8 7.55 19.3 7.07 24.6

Field**** 6.93 10.9 7.59 24.1 7.08 26.7

*-** Depth (feet): (W).S, 0.5-1, 1-2, 2-3, and 3-4, respectively.

<

i
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hydrolysis of the potentially alkaline salts and minerals in the
:

soils (1, 5),

As shown ill the tables, many of the soils show an increase in pH not only

with the increase in soil-water ratio on the alkaline side of neutrality but also

with lower soil-water ratios on the acid side of neutrality. This would indi-

cate that when these soils are on the acid side of neutrality they contain poten-

tially alkaline salts. Very little is known regarding the pH relation of many
salts found m soils of low moisture percentages.

Effects of low moisture percentages in soils covering a wide range of pH

Leftovers, from a study^ relative to the uniformity of pH readings of soils

at high and low moisture percentages, consisting of very small soil samples

TABLE 14

Efect of lotv moisture percentages in soils covering a wide range of pH

FIELD MOISTURE
CONTENT

pH
AT 1:5

SOIL-
WATER
RATIO

MOIS-

SAMPLE

NDBEBEE

Dis-
tilled

water
added
to 100

gm.f of

dry soil

pH

TURE
EQUIV-
ALENT
OF

SAMPLES

9

cc.*

55.0 5.49 5.78

per cent

1 32.5 7.56 8.42 20.3

7 45.0 7.50 7.99 25.9

4 17.5 7.67 8.32 10.1

8 45.0 i 7.71 8.10 26.5

6 35.0

;

7.87 8.40 23.6

5 32.5 9.66 10,36 33.6

3 20.0 9.89 10.34

2 32.5 10.05 10.43 17.2

Air-dry
soil

gm.

29

100

75

79

75

75

93

75

79

MIXTUBE OF AIR-DEY SOIL AND DISTILLED WATER

Dis-
tilled

water

1.5

2.5

1.5

1.5

1.5

2.0

1.5

1.5

1.5

pH values obtained by tlie consecutive
use of the same initial sample

Mois-
ture

I

percent-
age at
end of
test

5.24|

6.561

6.501

6,87

6.63

6.81

7.23

8.50|

8.60

4.93

6.62

|6.50

6.80

6.70

6.81

7.20

8.49

8.60

4.82 5.00

6.59

6.50

4.88 4.97 6.9

5.3

4.4

2.2

4.3

4.4

3.0

2.2

3.1

Data kindly supplied by the University of Arizona Agricultural Experiment Station,

t Only 20-gm. samples were used in actual practice.

covering a wide range of pH, were utilized in pH studies at extremely low mois-

ture contents, even though the origin of these particular soils was unknown.

The data are reported in table 14. The moisture equivalent was determined

for those soils the samples of which were adequate. Sample 3 puddled so

badly that the duplicate determinations were too far apart to be considered

reliable; the other duplicate determinations were in very close agreement. In

most cases in table 14, the amount of water added in order to secure the field

moisture content far exceeded the amounts necessary to bring the soils to

^ It was a pleasure to serve as one of the analysts participating in this study, recommended

by the Palo Alto meeting of the Western Society of Soil Science and undertaken by Dr. W. T.

McGeorge, of the University of Arizona Agricultural Experiment Station, to whom thanks

are due for these useful samples.



their moistiire equivalent percentages. Nevertheless, the soils represent a

wide range of pH, whether the pH values at the field moisture content or at

the i:5 soil-water ratio are considered. Since not more than 100 gm. of each

original soil sample was on hand, the following method was employed; After

the determination of pH at an extremely low moisture content, the sample

was removed from the beaker and was stirred again as though it were a new

sample; the regular procedure for determining the pH was then repeated. In

this manner, as seen in table 14, satisfactory checks were obtained with a

given sample. With sample 1, when no distiUed water was added, it was not

possible to obtain satisfactory checks, the values being 6.S2, 6.12, and 6.72;

when 2.5 cc. of water was added, the values were very nearly uniform, as shown

in table 14. As the last column indicates, satisfactory pH readings were

obtained over a wide range ofpH with very low moisture percentages extending

from 2.2 to 6.9. Even at moisture percentages as low as 2.2 to 3.1, samples

5, 3, and 2 still showed considerable alkalinity. Samples 1, 7, 4, 8, and 6,

which were alkaline at the field moisture content, gave pH readings on the

acid side of neutrality when the moisture content was greatly lowered.

In many orchards there are areas between the trees in the row in which the

soil may be unirrigated and therefore of low moisture percentage. Although

such areas most likely have very much lower pH values than the wetted areas,

the extent or quality of root activity in them is still open to question. It is

common observation that in soils of high pH and in which the calcium car-

bonate content and the moisture percentages are high, the trees improve

materially and become darker green in the late spring as the soil moisture is

brought progressively closer to depletion. On the other hand, the drying

out of the entire soil mass to varying depths and degrees has been accompanied

in many cases by severe fruit drop and other consequences such as excessive

salt concentration. In many orchards today, some form of alternately drying

and wetting certain localized portions of the soil is practiced with good re-

sults. In the orchard such practice at the same time provides for adequate
soil aeration. Aeration, availability of soE nutrients or deficiency diseases,

root disease, salinity, and many other factors that affect the health of orchard

trees may be directly or indirectly related to the pH of the soil. What that

pH may be and how it is affected, related, or controlled, are problems in the

solution of which the results reported here form an integral part.

SUMMARY

The pH of soils at very low as well as at higher moisture percentages may
be detennined satisfactorily by means of the glass electrode. Experiments
with purified quartz sands in conjunction with buffer solutions have shown that
the pH values obtained in a several-phase system, when the determinations
are properly conducted, are directly comparable to the results obtained in

aqueous solutions. ^

^
^

^

The importance of the glass electrode contact with the soE, especially when
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low moisture percentages are involved, is stressed in obtaining the greatest

degree of accuracy in pH studies. The glass electrode is capable of giving

equilibrium pH values; whether the equilibrium observed is identical with the

equilibrium sought depends upon the investigator.

Th moisture percentages are shown to affect very markedly the pH values

of soils. Very few, if any, orchard soils continued to react alkaline when

the moisture content was sufficiently reduced.
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In carrying out extensive investigations of the effects of long-continued

phosphorus fertilization of Kentucky soils, a number of acid, base, and salt

solutions were used in an effort to extract definite fractions of the soil phos-

phorus and to evaluate their usefulness in measuring the soil phosphorus

which is available to crop plants. It is the purpose of this paper to present

data on this latter phase of the study.

A number of investigators have reported work of this kind recently, par-

ticularly in connection with results from the use of quick-test methods, but

relatively few have dealt with both limed and unlimed plots that have been

treated for long periods with both rock phosphate and the superphosphates,

and few have compared different extractants under similar conditions. Ford

(4), in his study of the availability and nature of the phosphates in certain

Kentucky soils, made a start in this direction by using two extractants,

sulfuric acid and carbonic acid. Some comparisons have been made by

Hibbard (5), who discusses the results obtained by fourteen chemical and six

biological methods as applied to calcareous soils, and De’Sigmond (9) has

summarized the results from the use of different extractants on soils in general.

It is generally believed that the best laboratory method for estimating

the relative ability of noncalcareous soils to supply phosphorus to crops is

the one involving extraction with dilute acid solutions. The amount of phos-

phorus extracted from the soil by such a solution may be affected greatly by

certain factors not related to the actual solubility of the element or its avail-

ability to the crop. These factors include, among others, the reaction of the

soil, the form in which the phosphorus is held, the ability of the soil to refix

the dissolved phosphorus in the presence of the extracting solution, and the

nature of the solution itself. An attempt has been made to evaluate some of

these factors under Kentucky soil conditions.

^ The investigation reported in this paper is in connection with a project of the Kentucky

Agricultural Experiment Station; the paper is published by permission of the director.
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CHEMICAL METHODS

Total phosphoms w&s determined by either one of two methods: (a) the

A. 0. A. C. magnesiuin nitrate method, or (b) fusion with sodium carbonate,

phosphorus being determined in an appropriate aliquot by the colorimetric

method of Truog and Meyer (11). The two methods agree very well, though

the latter tends to give slightly higher results.

Extraction of phosphorus was for the most part conducted by shaking a

weighed amount of soil (usually 1 to 5 gm.) with a measured volume (200 cc.) of

the extracting solution at approximately 5-minute intervals for 1 hour, and

hltering on a phosphorus-free paper. When organic acids and alkaline solu-

tions were used the time period was extended to from 4 to 8 hours. Aliquots

of these extracts were treated in such a manner that phosphorus could be

readily determined in them by the colorimetric method. Values for the most

part are averages of duplicate determinations.

Reaction of soils and solutions was determined by the glass electrode method.

SOILS USED

The soil samples used in this study were collected from plots on six of the

Kentucky soil experiment fields, designated as the Berea, Greenville, Prince-

ton, Campbellsville, Mayfield, and Lexington. Ail the soils are of residual

origin, those from the first four fields being derived from sandstone and shale,

that from Mayfield from loess, and that from Lexington from the highly

phosphatic Trenton limestone; the shale from which the Campbellsville soil

is derived contains considerable calcareous material. The Greenville field

is located on Tilsit, the Mayfield on Grenada, and the Lexington on Maury
silt loam. The other fields have not been mapped, and the soil series to which

they belong are not definitely known, though each is typical of the region

and is fairly well drained. All are nearly uniform in texture—the clay con-

tent (<.002 mm.) of four of the soils varies between 14.0 and 16.7 per cent,

and the silt between 36.8 and 47.0 per cent~as determined by the international

pipette method.

Surface soil samples were taken from each plot to the depth of the plowed

layer. The Berea field was sampled in the fall of 1937, and all the rest were

sampled in the fall of 1938. The samples were placed in clean cotton bags,

air-dried on a greenhouse bench, passed through a 20-mesh screen, and stored

in waxed paper containers. The portion that did not pass through the screen

was weighed and discarded.

The crops grown on all the fields except Mayfield and Lexington show a very

great response to phosphate fertilizers; those at Mayfield show a moderate

response, and those at Lexington none. Corn, wheat, and mixed hay crops are

grown on the Berea, Greenville, Campbellsville, and Mayfield fields in 3- or 4-

year rotations. On the Lexington field, alfalfa is substituted for the mixed hay,
and at Princeton a permanent pasture is maintained with mixed grasses.
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Since the establishment of these fields, various fertilizers have been added to

certain of the plots. Manure was used on all the plots most of the time, in

amounts in proportion to the crop removed. Since the fields were established,

the limed plots have received from 4 to 5,75 tons of ground limestone per

acre, mostly in the first two rounds of the rotation. Superphosphate and

TABLE 1

Phosphorus added and total phosphorusfound in the soil of variously treated plots

Pounds per 2,000,000 of air-dr>»' soil

YEARS M* MSP MRP MLSP MLRP
pjgjLD ^

P con- P P con- P IP con- P P con- P P con-
tent added tent added tent added tent added tent

Berea 24 600 237 650 890 1210 237 724 890 1226

Greenville 24 616 237 750 890 1290 237 796 890 1222

Mayfield 24 832 237 1006 890 1492 237 1020 890 1620

Campbelisviile 18 684 251 744 944 1166 257 876 944 1270

Princeton 10 262 742 70 780

Lexington 27 6700t

* In this table and subsequently, the following abbreviations are used: M « manure;

SP = ordinary superphosphate; RP = rock phosphate; L = ground limestone; R = residue.

tR.

fler«a Csapbellsville

Fig. 1, Phosphorus Content OF Corn Crop

rock phosphate were applied once in each rotation. Full details of fertilizer

and cropping practices are given by Roberts, Freeman, and Kinney (8).

The plot from the Lexington field received no fertilizers, but crop residues

were returned each year. The total amount of phosphorus applied to the

treated plots of the respective fields are given in table 1, together with the

present total phosphorus content as determined by analysis. It can be seen

that the two amounts are somewhat proportional.
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Tlie use of phosphate fertilizers on all these fields, except the Lexington,

has increased not only the total phosphorus content of the treated plots but

also the crop yields and the percentage of phosphorus in the crops themselves.

These increases were effective immediately. In most cases the use of lime-

stone with phosphorus has further increased yields, though in some instances,

particularly during the first years of the experiment, the use of limestone to-

gether with rock phosphate actualty reduced the yield below that where rock

phosphate was used alone. The average annual yields of dry matter on all the

plots for the years from 1935 to 1938 inclusive are given in table 6. The data

show the effect of ground limestone and phosphate fertilizers on the produc-

tivity of the soils. The data for the Princeton field are not directly com-

parable with those of the other fields because they represent yields of the

pasture grasses as determined from cage clippings. The phosphorus content

of the crop grown on these plots was in all cases increased over the check

plots, but this increase is more marked in the crops from the unlimed plots

than in those from the limed plots. In figure 1 data are presented showing

the percentage and total uptake of phosphorus in the corn crops grown on the

Campbellsville and Berea fields. The data are averages of two crops (1937-

38) and two kinds of corn in the case of the Campbellsville plots, and only one

crop (1938) and two kinds of corn in the case of the Berea plots.

EXTRACTION OE EASILY SOLUBLE PHOSPHORUS

When this work was started, it was convenient to use an equilibrium ex-

traction method and shake the suspension of soil and solution in flasks by

hand. To check on this method of shaking as compared with mechanical

shaking, soils from two of the fields were compared. One group was shaken

by rotating the flasks vigorously for half a minute or so ten times during 1

hour. The other set was shaken continuously for 30 minutes in a reciprocal

shaking machine. In both cases 1 gm. of soil was shaken with 200 cc. of

solution. Results are given in table 2 for a number of soils and for two dif-

ferent acid concentrations.

The data show that the two methods give similar though not identical

results. More phosphorus was removed in some cases by hand shaking than

by mechanical shaking, undoubtedly because of the longer time interval in the

hand-shaking process. Where the weaker acid was used, the continuous shak-

ing process removed more phosphorus than did hand shaking. This is prob-

ably because the more vigorous agitation kept fresh solution of the weaker acid

in contact with the rock phosphate in these soils.

Another factor, besides thoroughness of shaking, in keeping the solution

and solid particles in intimate contact is fineness of grinding. This, however,

may also have some effect on the refixation of dissolved phosphorus by the

soil before removal by filtration. Twenty-mesh soil was used for most of the

work herein reported, but it seemed desirable to determine the effect of par-
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tide size on the amount of phosphorus removed. By prolonging the ex-

traction period, it might also be possible to determine to what extent refixatioii

of the released phosphate occurs in the soil in contact with the acid solution

used. Portions of the Berea soil were ground to pass through 10-, 20-, 40-

,

60-, and 100-mesh screens. Samples were extracted with H2SO4 solutions

of different strengths and for different periods of time with occasional hand

shaking. The results, shown in table 3, indicate that the rate of solution is

influenced by fineness of grinding, particularly with the weaker adds, though

the differences are not great for soils ranging between 10 and 60 mesh. The
tendency of this soil to fix phosphorus from acid solution as a result of pro-

longed contact with the extractant is not great except in the few instances

TABLE 2

Phosphorus extractedfrom soil by hand and by mechanical shaking

Pounds per 2,000,000 of air-dry soil

LABORATORY SOIL NUMBER* HAND SHAKING
60 MINUTES

MECHANICAL SHAKING
30 mNUTES

O.O5 AH2SO4

39 58 64

41 560 590

43 66 70

45 600 700

47 20 12

0.1 JV H0SO4

655 36 30

669 38 30

779 24 20

781 520 460

7S3 480 430

Soil experiment fields, plot numbers, and fertilizer treatments of soils listed in this and

subsequent tables are given in table 6.

where 72-hour extraction yielded less phosphorus than 12-hour or shorter

periods of extraction.

For comparing the action of various extractants other than water and pos-

sibly certain salt solutions above pH 4.5, a single extraction is believed to

be sufficient. Hibbard (6), using water-extraction methods, has found it

desirable to use up to seven successive extractions. By this means he has

studied the ability of the soil to supply phosphorus to the soil solution.

When acid-extraction methods are used and particularly where the acid is

stronger than 0.002 N, one or two extractions reduce the soluble phosphorus

of these soils to a level where further extractions, except in the case of the
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Maury soH, give values that tend to approach a constant, and further extrac-

tion is of little value. Table 4 shows the effect of successive extractions on

the amount of phosphorus removed from the Berea, Campbellsville, and

Lexington soils.

TABLE 3

Phosphorus extractedfrom Berea plots, as affected by fineness of grinding and length of extraction

period

Pounds per 2,000,000 of air-dry soil

lABORATOM
SOH.

NUMBER

A.S.T.M.

SCREEN SIZE

0.002 N H2SO4 0.05irH2SO4

5 min. 30 min. 12 hr. 72 hr. 5 min. 30 min. 12 hr.

39 10 18 22 22

41 150 146 292 412

43 12 20 32 32

45 240 260 328 400

47 5 7 7 7

39 20 10 18 26 28 44 72

41 110 210 300 356 490 514 580

43 14 20 32 26 54 64 70

45 136 230 360 420 500 560 554

47 8 10 9 6 10 12 18

39 40 16 22 28 30 50 74 80

41 110 206 330 436 464 520 580

43 16 24 28 22 68 74 94

45 170 270 370 1 460
'

504 ! 600 ‘ 620

47
1

7 10 7
I

j

7 10 12
1

!

20

39 60 20 28 30 40 62 ^ 68 ! 88

41 154 244 368 400 512 560 * 584

43 22 26 32 36 62 74 90

45 226 304 420
'

480 650 654
47'

:
10 11 10

1

6 14 18 26

39 100 40 60 52 56 .64 1 76
I

114

41 240 400 460 520 540 580 580
'::"43

• 42 52 52 54 72 90
:

120

45 . 276 406 450 440 600 620

47 ; 11 14 10 7 22 28' 36

The effect of varying the ratio of soil to solution is of considerable im-

portance not only in measuring the availability of phosphorus but also to

some extent as an index of the ability of a soil to fix phosphorus, and under
certain conditions, as pointed out by Truog (12), in estimating the compounds
in which most of the phosphorus is tied up. Table 5 gives the results of

varying the soihsolutlGn ratio between 1:800 and 1:10.

The results indicate that there was a gradual decrease in the amount of
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phosphorus dissolved as the amount of soil increased, but the ratio had little

effect on the relative amount of phosphorus extracted from the different soils.

The decrease is due either to the time and method of extraction or to a certain

TABLE 4

Phosphorus removed from soils by successive 1-hour extractions with dilute

Pounds per 2,000,000 of air-dr>' soil

0.05 iY H2SO4 0.1 N H2SO4

LABOUATOILY
SOIL NXJMBEB. Number of extraction Number of extraction

1 2 3 4 2 3

39 64 19 10 8 66 46 20

41 524 64 22 560 74 24

43 62 19 12 66 40 20

45 564 58 20 12

47 18 8 4 4 ....

655 30 10 6 6

669 30 10 8 6

779 16 6 4 4

781 500 42
'

20 12 460 42 20

783 460 44 20
1

8 440 52 20

192 1440
'

432 340 204 1850 770
'

284

182 120 22 8

183 32 ' 44 26

TABLE 5

Phosphorus extractedfrom soils with 0.05 N H^SOi as ajfected by soil-solution ratio

Pounds per 2,000,000 of air-dry soil

LABORATORY
SOIL NUMBER 1/800 1/400 1/200 1/40 1/20 1/10

39 64 66 1 58 62 54 36

41 540 560 550
I

530 465 390

43 64 66 64 62 54 1 36

45 550 560 580 464 475 424

47 32 24 20 18 15 12

655 i 44 38 32 30 26 18

669 38 28 30 26 18

779 32 24 14 14 14 14

781 490 490 500 500 425 360

783 420 400
i

420 448 380 320

192 1880 1840 1440 1440 1240 920

amount of refixatioii of dissolved phosphorus in the acid solution. Both

factors probably affected the results obtained. For practical purposes of

measuring chemically available phosphorus, it seems probable that any of

the ratios would be satisfactory in soils not having a considerably higher

fixing power than these.
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Tlie group of soils used was extracted with 25 different acid, base, and salt

solutions and combinations. All of the acids and bases had been used pre-

viously by other workers for extracting soils, in many cases in connection

with the development of rapid-test procedures. No attempt was made to

follow the exact procedures as outlined by the respective users of each. For

this reason the work reported here is not primarily a comparison of so-called

“quick tests/’ but rather a comparison of different chemical solutions for

dissolving phosphorus from soils variously treated with phosphate fertilizers.

Not every solution was used at widely different concentrations or ratios of

soil to solution, but enough trials of this nature were made to find the most

satisfactory conditions for each. The pH of the soils ranged between 4.8 and

6.15, and in no case was the pH of the extract appreciably different from that

of the initial solution. The data obtained from the use of some of these

extracting solutions, together with the data for total phosphorus, organic

phosphorus, and crop yield of each of the soils are presented in table 6.

DISCUSSION

In comparing the data obtained from the use of the different extractants,

it was found that the mineral acids, sulfuric, hydrochloric, and nitric, gave re-

sults so nearly alike that there was little choice among them; the data for the

last two, therefore, are not reported in table 6. Sulfuric acid lends itself a

little better than the others to the colorimetric procedure used, and hence is

more convenient. Acetic acid, citric acid, and perchloric acid buffered with

sodium perchlorate acted in a manner similar to the mineral acids in removing

slightly more phosphorus from soil of the limed than from that of the unlimed

plots. Ammonium or sodium acetate, at a pH of 5.0 or below, shows less

difference between the rock phosphate-treated soils and those receiving super-

phosphate but for comparing the soils in other respects seems no better than

the acids. The alkaline solutions and those containing oxalic and tartaric

acid, however, remove more phosphorus from soil of the unlimed plots than

from the limed. Replacement of adsorbed calcium with neutral ammonium
acetate had little effect on this order. From the data obtained, it seems

that there is no best extractant for a soil treated with different phosphorus

carriers if a quantitative technic is used. The Bray “quick test,” used widely

in the state by county agents, was not sensitive enough in some cases to dis-

tinguish between the check plots and those receiving superphosphate fer-

tilizers. For the practical purpose of estimating the phosphate fertilizer needs

of soils, experience gamed with the use of any one of the extractants on a

given soil is of more importance than the extractant itself.

Much of the work in determining chemically available phosphorus in soils

has been done with the idea of correlating the results with crop yields and
field response to fertilizers. The method used has been judged good or bad
depending on the degree of correlation obtained. For this to be a valuable

criterion, however, the available phosphorus must be the only factor limiting
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plant growth, which is often not true even for phosphorus-deficient soils.

The lack of correlation between crop yields and the results of quick tests has

received much attention and perhaps has been overemphasized.

Burd and Murphy (1), who recently discussed this matter on more or less

theoretical grounds, assert that “fertilizers are not so valuable that the most
effective dosage must be predicted with a high degree of accuracy.'’ On the

other hand, they contend that if the results of the analysis are doubtful, a

medium application on good land is good insurance, particularly where the

crop is valuable.

It is apparent that the best that can be done with any extractant is to meas-

ure the general level of comparatively available phosphorus. Except in a

relative sort of way, it is impossible to measure only that portion of the phos-

phorus available to plant roots. Attempts have been made to do this by
using several successive extractions with very weak solvents such as water or

carbonic acid. It is difficult to see how this procedure could accomplish its

purpose, because plant roots are extended so rapidly that they probably feed

largely on a fresh area for very small amounts of the element at any one time.

It would seem better to use a stronger solution and remove a relatively large

amount of the element, assuming that if enough is present the plant can obtain

a sufficient supply from the soil.

For convenience in considering the data in table 6, only those values for

chemically available phosphorus from the O.OS N H2SO4 extraction are used.

It is obvious that these values are low for the check plots (manure alone) of

the four fields, Berea, Greenville, Mayfield, and Campbellsville. This agrees

with the phosphorus-deficient condition of these soils as shown by the low

crop yields and by the marked increases in yield when phosphate fertilizers are

applied. The chemically available phosphorus in the Lexington soil (the

highly phosphatic Maury silt loam) is high, which also agrees wdth the lack of

crop response to phosphate applications on this soil. The correlation, how-

ever, between the chemically available phosphorus and crop yields on the

check plots of the first four mentioned fields, is only very general. Both the

chemically available phosphorus and the yields are higher on the check plots

at Mayfield than at the other fields, but the chemical data are the same for

Greenville and Campbellsville, whereas yields are much higher at Campbells-

ville than at Greenville. The chemical data are higher at Berea than at

Greenville or Campbellsville, whereas crop yields at Berea are lower than at

Greenville and much lower than at Campbellsville. One reason for this,

undoubtedly, is the content of replaceable calcium in the unlimed soils, which

is somewhat more favorable for crop growth at Campbellsville than at Green-

ville and much more favorable at Greenville than at Berea. Furthermore,

the internal drainage of the soil of the three fields is equally favorable for crop

growth. In unpublished greenhouse data where these factors have been

eliminated, as well as the possibility of nutrients other than phosphorus

limiting crop growth, comparative figures for yield of wheat grown in soil
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from the check plots of the Berea and Campbellsville fields are 34 and 24,

respectively. For very precise use of the chemical data in relation to crop

growth, a somewhat different scale would be necessary for different soils.

The manure-superphosphate treatment has increased both chemically

available phosphorus and crop yields at all four fields; however, the degree of

increase is not the same for the two quantities, particularly at the Mayfield

and Campbellsville fields. The use of lime together with superphosphate

increased the crop yields without consistently increasing the chemically

available phosphorus. It will be noted that this is not entirely in agreement

with results obtained by Ford (4), Snider (10), Cook (2), and others who found

that the application of lime to soils increased by a considerable amount the

chemical availability of both native and applied phosphates. The difference

is probably due in part to the method of extraction, since the aforementioned

workers used mechanical shakers for 4 or 5 hours. The rock phosphate

treatments increased chemically available phosphorus very much more than

crop yields. From the nature of the extracting procedure, this is bound to be

true. Practical difficulties at present probably would prevent the develop-

ment of a procedure which would measure more accurately the availability to

a particular crop of this phosphate relative to other phosphates and at the

same time be as reliable when used with ordinary untreated soils. The

chemically available phosphorus for the plots treated with rock phosphate

is necessarily a measure only to a small degree of the phosphorus available to

a particular crop. It mainly measures the phosphorus that crops can take from

the soil over a considerable period of time. Only knowledge of previous fer-

tilizer treatment can obviate serious error in interpreting phosphate tests at

this point. This is in line with the findings of Richer and White (7), who in

their study of the correlation of chemically available phosphorus with crop

yields assert that “when readily available phosphorus as measured by the

Truog method is to be used as one index of fertility it is of the utmost im-

portance to know the history of the soils in question, particularly as to the

kind of phosphorus fertilizers that have been applied.^’

At several of the fields, the phosphate-treated plots were divided in 1920,

and the treatment was continued on one half and discontinued on the other

half. Data from the two halves of these plots at Berea, not reported in this

paper, show that the residual effect of application of phosphates in increasing

chemically available phosphorus persists for some time; how long, obviously

depends on the amount of phosphate applied and the fixing power of the soil.

Seven years after the phosphate treatments were discontinued, the chemically

available phosphorus for these plot halves is still well above that for the check

plots. In most cases, however, it is 10 to 15 per cent less than on the halves

of the plots where the applications have been continued, though crop yields

are still at approximately the same level on the two halves.

In several instances where the chemically available phosphorus and the crop

yields are not in very good agreement, the higher crop yields are found to be
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associated with a higher content of organic phosphorus in the soils, which
affects crop growth more than it does chemically available phosphorus. Some
of the discrepancies between the different fields may thus be explained in part.

It seems probable that as a^pplied to the soils of Kentiick}’', no one extractant

is much better than another. The choice of any one should be on the basis of

convenience and experience. On the soils used here, 0.05 N H2SO4 has proved
most satisfactory. A considerable amount of work should be done with the

particular extractant selected before an}^ specific recommendations are made
on the results obtained. The use of several different extractants on the same
soil is not worth while for the purpose of diagnosing fertilizer needs, though it

is beneficial in predicting the form in which the phosphorus occurs in the soil

and the capacity of the soil to fix phosphorus. More than one extraction of

the soil is unnecessary.

SUMMARY

Soil samples from the check plots and those plots receiving superphosphate

and rock phosphate, both with and without limestone, of six of the Kentucky

soil experiment fields, were extracted with 25 different acid, base, and salt

solutions, to compare the usefulness of these solutions in measuring the avail-

ability of phosphorus in soil.

The conditions under which the extraction procedure was carried out were

found to affect the results to a certain extent but generally not enough to

change the relation of one extractant to the others. These conditions include

method of shaking, length of extraction period, fineness of grinding, soil-

solution ratio, and number of extractions.

The solutions used may be divided roughly into three groups, on the basis

of their effect on the variously treated soils, as follows: (a) the mineral acids

and their acid salts, together with acetic and citric acid; (b) oxalic and tartaric

acids and mixtures of these with hydrochloric acid; and (c) the alkaline solu-

tions. AU of these removed less phosphorus from the soils of the check plots

than from the fertilized plots and considerably less from the plots treated

with superphosphate than from those treated with rock phosphate. If the

action of these extractants is understood, especia% that of the last two groups

toward unlimed and limed soils, any of them will indicate the general level of

available phosphorus. No one extractant appears to be appreciably better

than another, and the choice of any one should be on the basis of convenience

and experience. From the standpoint of directly correlating the results

obtained from their use with plant growth, all have certain limitations, but

there is a general relationship in this respect, as for example between soils

that have not been fertilized and those that have received fertilizers over a

considerable period. The results obtained from the use of at least some of the

extractants would be helpful in making fertilizer recommendations for most of

the soils of the state, though where soil types vary considerably, a different

scale might be necessary for soils of these different t3^es.
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In the course of a series of investigations on root respiration it became neces-

sary to design a flowmeter that would enable rapid and accurate measurements

of slow rates of flow of small volumes of gases. As each culture vessel requires

an individual flowmeter, the instrument had to be compact, sturdy, and in-

expensive. To meet these special requirements, certain modifications were

made of Benton’s^ differential manometer to produce a highly sensitive flow-

meter with a direct-reading indicator. The advantages of this model over the

conventional type are considered to be of sufiicient importance to merit its

use for experimental procedures in which a flowmeter having these features

is desired.

The construction and principles of this apparatus are evident from part 2

of figure 1. The apparatus is essentially a manometer to measure the pressure

diflerence on the two sides of an orifice caused by resistance of the constriction

to the passage of a gas. Thus the passage of a gas from the inlet tube A,

through the capillary orifice C, to the outlet tube E, creates a difference in

pressure in the two arms (B and D) of the water manometer. Since one arm

(D) dips into a reservoir (R) of relatively large volume, while the other arm

(B) is above the water, the difference in pressure in the two tubes will be mani-

fested by a rise in the water level in D, and the height to which the water level

rises will be a direct measurement of this difference in pressure. Because of

the relatively large volume of the reservoir, the zero reading of the manometer,

which corresponds to the water level in the reservoir (R), will not be appre-

ciably changed by the displacement of liquid into D, and the calibrations on

D can be made in linear units to indicate cubic centimeters of gas flow per

minute per centimeter of liquid rise in D.

The flowmeter is constructed of soft glass tubing having a diameter of 0.3

cm., and is about 45 cm. high with a base diameter of 5 cm. The capillary

resistance tube (C) is 4 cm. long.

The safety bulb S has a capacity of 25 cc., which is also the volume of liquid

in the reservoir (R). A constant zero setting in the reservoir is easily obtained

1 Journal Series paper of the New Jersey Agricultural Experiment Station, department of

plant physiology.

2 Benton, A. F. 1919 Gas flowmeters for small rates of flow. Jour, Indus, and Engin,

Cfew. '11: 623-629. ",
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by thrusting the end of tube D to the bottom of the reservoir bottle and partly

filling the bottle with an accurately measured volume of indicator fluid. The

apparatus can thus be dismantled, cleaned, and reassembled without affecting

the accuracy of the calibrations.

The position of the capillary provides an added advantage in that wetting

of the capillary by the indicator fluid is a rare occurrence with this model,

Fig. 1. Diagram of the Flowmeter and the Gas Collector

since any liquid that might accidentally overflow the safety bulb will be blown
out through E, Reasonable care in making adjustments of the gas flow will

prevent such accidents.

Loring^ has recently described a direct-reading flowmeter using a reservoir

^ Loring, A. D. 1939 Construction of manometers for measuring flow. Indus, and
Engln. Chem., Amlyt. Ed. 11:616-62%.
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of this t3^e. The apparatus here described is, however, of greater convenience
in physiological work and is more easily constructed.

Since the entire unit is supported by the reservoir bottle (R) ,
it can be easily

transported to a new position, and its compactness is a distinct advantage in

operation on a greenhouse bench where space is limited. Clean dry gases must
be used, and all connections should be as short as possible. Rubber, free from
sulfur bloom (nitrometer tubing), is used in the connections to the flowmeter.

Any clogging of the capillaries by dust or water vapor will seriously affect the

accuracy of the readings.

Calibrations over the range of flow desired are made by inserting a capillary

(C) of the proper bore and measuring the rate of flow of gas with the indicator

fluid at different marked levels in D, Three such calibrations are sufficient

for the entire range of each flowmeter and capillary tube combination because

of the linear relationship between rate of flow and indicator level in D. The
sensitivity of the flowmeter will depend on the size (cross-sectional area) of

the capillary bore (C).

Ratings of each capillary in cubic centimeters of gas flow per minute for

any given water level in D can be made. For a wide range of gas velocities

different capillaries are used, and the tube can be etched at integral units of

gas flow when a permanent apparatus is required.

The method of calibration of the flowmeter involves certain features which

have not been reported in the literature. The usual method of collecting the

gas by displacement of water in a volumetric cylinder produces measurable

changes in gas pressure under conditions of low rates of flow. Smith^ partly

overcomes this difficulty by measuring the water displaced by the gas, but

even this method produces differences which affect the accuracy of the cali-

bration. A constant level device was here used which will enable collection

and measurement of the gas over periods as long as 24 hours with no change

in back pressure.

Part 1 of figure 1 shows the essential features of this device to be a large

bottle fitted with a two-holed rubber stopper with a gas inlet tube (/) reaching

almost to the bottom of the bottle, and a siphon (/) of which the outlet point

is level with the bottom of the inlet tube.

When such a bottle is filled with water, this wiU escape through the siphon

when gas is forced in under even very low pressures, and only the rate of enter-

ing gas will determine the rate of water exit. The flowmeter is connected in

series with the gas collector, the displaced water is caught in a burette, and the

time required for the displacement of a measured volume is the measurement

of the rate of gas flow.

Regulation of the rate of gas flow is most easily accomplished by a screw

clamp or a stopcock at point A. For very low rates of flow a fine-bore capillary

tube of the desired size should be inserted just behind the screw clamp or

^ Smith, G. W. 1932 Apparatus for calibration of flowmeters. Indus, and Engin.

CMm.f Amlyt. Ed.
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Stopcock. Such a capillary also aids in smoothing any pulsations which may

occur in the gas flow.

In actual practice six flowmeters were calibrated at once by connecting them

in series between the flowmeter (part 2) and the gas collector (part 1) and

measuring the volume of water displaced in part 1. The resistance of the

capillaries with a given main pressure is the only limit to the number of units

that can be calibrated at one time. The more units in the series, the more time

will be required to attain equilibrium of gas flow.

In the experiments which were carried out with this apparatus, the culture

jar with growing plants occupied a position (£) between the flowmeter and the

device which served to collect the gases for respiration measurements. Wlien

carbon dioxide is to be determined, its solubility in water requires its absorp-

tion before the gas mixture passes into the collecting device. For exact work

with oxygen the water in part 1 of figure 1 is previously saturated with oxygen

at its partial pressure in the gas mixture employed. The toxic effects of

mercury vapor precluded the use of this liquid in the gas collector when work-

ing with living plants in the greenhouse.

Thirty of these flowmeter units were constructed and gave highly satis-

factory results in connection with the quantitative measurement of gaseous

exchange by the roots of living plants.
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The problem of the role of Rhizobium phage in nodules of, and in soils bearing,

leguminous plants has been presented (1, 2, 4, 5, 7, 8) and requires no further

elucidation. The present paper is a brief report of a survey of various soils

in the Finger-Lake region of New York State with respect to the incidence of

Rhizobium meliloti phage.

EXPERIMENTAL

Soil samples were obtained from alfalfa fields on different soil types by means
of augers which were carefully sterilized between samplings. Ten to twelve

borings from soil in the immediate vicinity of the roots of the plants were

thoroughly mixed and comprised one composite sample. Six hundred grams

of soil from such a sample was added to 250 cc. of a yeast water medium[M5
of Laird (6)]; the mixture was inoculated with a suspension of a phage-sus-

ceptible alfalfa organism A2 (7) and was incubated for 3 days at 28°C.; it was

then filtered through paper and the filtrate passed through sterile Berkfeld

N candles. Three cubic centimeters of the resulting bacteria-free fluid was

added to a suspension of the phage-susceptible organism, and observations

for lysis were made every 24 hours for 3 days, after which the culture was

filtered and 2 cc. of this filtrate tested in a similar manner. Serial transfers

were thus continued until distinct dissolution was noted; if lysis did not occur

after 10 passages, however, the filtrate was discarded. Lysis was usually

obtained in the first transfer and was complete in the second. Controls were

maintained by inoculating the susceptible organism into sterile medium and

treating the resulting culture as those inoculated with soil. Soils from fields

without legumes and from forested areas were also tested.

The original bacteria-free soil filtrates were also tested directly for phage by

means of the plaque technic. One cubic centimeter of each of three dilutions

(1 : 10
,
1 : 100

,
1 : 1000) of every filtrate was added to sterile Petri plates con-

taining 1 cc. of a suspension of the susceptible organism; 10 cc. of yeast-water

mannitol agar [M4 of Laird (6)] was poured into each plate, and the whole

^ Resident doctor, department of bacteriology (now in the Division of Bacteriology,

Science Service, Dominion Department of Agriculture, Ottawa, Canada), professor, depart-

ment of agronomy, respectively, Cornell University, Ithaca, N. Y. The authors are indebted

to R. Bradfield for placing funds and facilities at their disposal for carrying out this work.
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was thoroughly mixed and incubated at 28°C. Within 48 hours, plaques were

visible on all plates with dilutions of 1 : 100 and 1 : 1000 of all the filtrates which

TABLE 1

Isolation of RMzohium phage fmm soils planted to and free from alfalfa

AL- :

FALFA
FIELD
TESTED

AGE
1

OF
STAKD

;

SOIL
TYPE*

SAM-
PLE
NEM-
BEE

[

REAC-
TION

PHAGE
INCI-

DENCE

ALFALFA
FIELD
TESTED

AGE OF
STAND

SOIL TYPE
SAMPLE

!

NUMBER
REAC-
TION

PHAGE
INCI-

DENCE

years pH. years pH

1 1 Groton 1 5.58 f 10 5 Groton 36 5.26 4-

2 6.02 + 11 5 Lansing 37 6.28 4-

3 7.39 -f 38 7.30 4-

2 2 Lansing 4 6,16 + 39 6.89 4-

5 6.37 40 5.97 4"

6 6.02 + 41 6.30 4-

7 6.58 + 12 6 Groton 42 5.27 4"

8 6.66 + 43 5.88 i 4-

3 2 Lansing 9 6.48
i

44 5.68
i

4-

10 6.87 + 13
1

6 Groton 45 5.61
1

+
11 6.10 + 46 5.78 +
12 6.40 + 47 5.56 —
13 6.58 + 14 7 Volusia 48 5.86 4-

4 3 Lansing 14 6.49 + 49 6.24 +
15 6.63 + 50 6.52 +
16 5.85 + 51 6.28 4-

17 6.49 -1- 52
1

6.58 4-

18 6.40 + 15 8 Lansing 53 6.22 4-

5" 3 Lansing 19 7.26 + 54 6.37 4-

20 6.78 -f 55
I

6.10 +
21 7.01 4- 56 6.23 4-

6 3 Groton 22 5.39 4- 57 6.72 4-

23 5.39 4- 16 29 Lansing 58 6.50 4*

24 6.78 - 59 6.31 4-

. 7. 4 Groton 25 6.04 4" 60 6.72 4-

26 5.76 + 61 6.11 4“

27 6.03 4“ 62 6.24 +
O A 28O

,

. 4."
;

Groton 5.92 4-

29 5.77 Pasture Dunkirk 63t 6.20 —

30 5.77 4- Pasture Dunkirk 64 .5.27
1

-

9 ,5 Groton 31 5.48 4- Wheat Dunkirk ^ 65 6.11 +
32 6.31 + Forest soil 66

1
4.99

1

33 5.39 Forest soil 67 4.90 _
10 5 Groton 34 5.63 + Stored soil Merrimac 68 4.51 -

35 5.75 4-
Control (medium 5 4" susceptible

organism)

* All soils are silt loams of the series indicated,

t Soils 63“68 not planted to alfalfa.

were found by serial transfers to contain phage. This technic proved to be

a rapid and useful confirmatory procedure.

The advisability of inoculating a soil-medium mixture with a phage-sus-
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TABLE 2

1nctdencB of Rhizobium phoge in cdfcdfcL plots on Coldwoll RxpefifHontdl Fiold^

PLOT TESTED AGE
STAND

SAMPLE
NtTMBER lEACTION

PHAGE
INCIDENCE

years PH

1. Alfalfa 1 1 7,10 +
2 6.98 +

2. Alfalfa 2 3 6.94 +
4 7.10 +

3. Alfalfa 2 5 7.71 +
6 6.31 +

4. Alfalfa +• timothy 2 7 6.70 +
8 6.14 +

5. Alfalfa 3 9 6.94 +
10 5.94

1

+
6. Alfalfa 5 11 7.04 +

12 6.68 +
7. Frame 1. Timothy and lime 10+ 13 8.27 +

Frame 2. Alfalfa and lime until 1938 10+ 14 8.21 +
* Dunkirk silt loam.

TABLE 3

Presence of phage in boxes containing soil inoculated with rhizobia and treated with various

fertilizers*

BOX
NUMBER TREATMENT REACTION

RHIZOBIA PRESENT AT LAST
SAMPLINOt PHAGE

INCIDENCE

Red clover Alfalfa Pea

1 Check

i
pH

5,49 ! 0 0 0

2 NaNOa 4.97 0 0 0 !

3 NasCOs 5.22 0 0 0 1

4 KCi 5.21 0 0 0 —

5 CaH4(P04)2 5.29 0 0 0 -

6 CaS04 5.14 0 0 0 —

7
;
Sucrose 5.64 0 0 0 —

8 2,000 lbs. CaCOa 6.10
1

5;000 5,000 1,000 —

9 4,000 lbs. CaCOs 7.04 100,000 500 1,000 —

10 4,000 lbs. CaCOs + NaNOa 6.78 5,000 500 1,000 +
11 4,000 lbs. CaCOa + NajCOa 7.24 1,000 10 10 +
12 4,000 lbs. CaCOa + KCI 6.33 10,000 10 10 +
13 4,000 lbs. CaCOa + CaH4(P04)2 6.60 100,000 10 1 +
14 4,000 lbs. CaCOa + CaSOa 6.60 5,000 10 500 —

15 4,000 lbs. CaCOa + sucrose 7.14 5,000 1,000 10 +
* No plants were allowed to develop in the boxes,

f Numbers per gram of soil.

ceptible strain prior to incubation may be questioned, as this treatment might

conceivably stimulate the production of a homologous phage during incubation.

A number of samples were accordingly tested for phage in the presence and in
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the absence of such inoculum. The lytic agent was obtained regardless of

inoculation. This practice
j
therefore, is not an essential one; nevertheless, it

results in the activation of the lytic principle, thus making for greater ease of

demonstration in a short time, and consequently it was always employed.

Phage was found in ever}?' alfalfa field tested and in 58 of the 62 samples

taken (table 1), but there was no apparent correlation between age of alfalfa

stand, soil type or reaction (between the pH limits of 5.26 and 7.39), and phage

incidence. The lytic agent was isolated in only one instance from a soil not

bearing legumes; it is possible that wind contamination and the growth of

volunteer alfalfa plants were responsible for this.

The Caldwell Experimental Field of the New York State College of Agri-

culture contains plots bearing alfalfa stands varying in age. These plots

were tested in the usual manner. Phage was found to be present in all the

plots and in every sample taken (table 2). Again no relationship between

age of field, soil reaction, and presence of the lytic principle could be demon-

strated.

An experiment in progress at the Caldw'ell Experimental Farm on the longev-

ity of rhizobia in soil as affected by fertilizer treatment provided material for

further study. Representative species of rhizobia had been added in 1931 to

the treated soil in boxes which were buried in the ground, and tests had been

made frequently for the survival of the bacteria. The necessary information

is summarized in table 3, along with pH values and the results of phage-inci-

dence studies. The organisms in boxes 1~7 had disappeared 6 months after

being introduced. This was due to the unfavorable reaction (3), since under

conditions of higher pH the bacteria were present when last tested (1938)

although there was little correlation between their survival and the treatment.

It appears that phage was present only where lime and certain soil amend-

ments had been added [the presence of the lytic principle is hardly to be ex-

pected in boxes 1-7 because of the low pH (6)], but reaction alone was not the

responsible factor. It is possible that certain fertilizer treatments are con-

ducive to the development of the lytic agent at the expense of the organism

introduced, but the evidence is too meager to support any definite conclusions.

Wind contamination may also be considered to have contributed to these

results, especially since greenhouse experiments indicate- that the interaction

of the plant and the bacteria is necessary for phage production, and scrupulous

care was always taken to prevent development of legumes in these boxes.

It is quite obvious that Rhizobium meliloti bacteriophage is widely distrib-

uted in soils bearing alfalfa; in fact, it may be said to be present in all alfalfa

fields. Possibly under certain conditions it may become sufficiently concen-

trated and ^'virulent’’ to destroy most of the legume organisms in the soil and
thus interfere with symbiosis, as Demolon and Dunez (1, 2) strongly contend.

On the other hand, its presence may be as “normal” a condition as the exist-

Unpiiblislied results.
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ence of the organisms themselves in the soil. Carefully controlled and replh

cated greenhouse experiments with sterile and nonsterile simple and complex

(sand and soil) substrates and with resistant and susceptible organisms are

essential to the solution of this cogent problem.
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The processes whereby components of primary minerals become available

for plant nutrition have alvrays challenged the imagination of soil workers.

Recent studies show that readily available nutrient cations must be in the

exchangeable or the still more available water-soluble forms. The nutrient

cations contained in the crystal lattice of the primary minerals of the silt and

sand fraction are so slowly available for plants, that studies of plant tissues

have yielded little information on this complex problem.

A recent study (4) showed that nutrient cations would transfer from the

crystal lattice to the exchange atmosphere of the colloidal clay when certain

minerals came in contact with the acid colloidal clay. Whether this transfer

of ions takes place rapidly enough to be of any value to a plant in the course

of a single growing season, or whether this reaction is so slow as to be significant

only during long periods of time is the important question. The following

investigation was undertaken with the hope of throwing some light on the very

complex problem of the transfer of a nutritive cation from the crystal of a

primary mineral to the plant tissue by way of the colloidal exchange surface.

EXPERIMENTAL PROCEDURE

A pure sample of anorthite was ground very finely in a bail mill and placed

in a liter cylinder, distilled water was added, and the fraction ranging in size

from 0.05 to 0.005 mm. equivalent diameter was separated by means of the

beaker method of mechanical analysis. The silt fraction so obtained was then

placed in a Buchner funnel, and several liters of 0.001 N HCl were allowed to

leach slowly through it. The acid treatment was followed by a complete

washing with distilled water. Tests for calcium and chlorides were made to

insure that all the basic cations released by grinding had been removed and

that the sample was free of acid. The sample was oven-dried and reserved

for later treatment.

Colloidal clay was extracted from the heavy subsoil layer of Putnam silt

loam and electrodialyzed according to the method of Bradfield (1). The

clay suspension thus prepared, containing 3.99 per cent of dry material, had a

^ Contribution from the department of soils, Missouri Agricultural Experiment Station,

Journal Series No. 695.

2 Instructor, department of soils, Missouri Agricultural Experiment Station.
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pH of 3.60. A conductometric determination of the exchange capacity ac-

cording to the carbonation method of Bradfield and Allison (2) showed this

to be 68 m.e. per 100 gm. of clay,

A mixture was prepared of 631 cc. of the hydrogen-clay suspension and SO

gm. of the previously treated anorthite. This mixture was allowed to stand for

100 days, during which the pH changed from 3.60 to 5.70. The amount of

breakdown of the anorthite was approximately 3.4 per cent, or enough calcium

was transposed from the anorthite crystals to equal about 250 mgm. or 12.5

m.e. of adsorbed Ca. To this suspension were added 4 m.e. of K as K2HPO4

TABLE 1

Calckim uptake by soybeans

Data for 50 plants

CUI.'nTllE

NUMBER
CROP

WEIGHT

CALCIUM UPTAKE

TREATMENT
Proportion of

crop weight
Total

Excess over
seed*

gm. per cent
!

mgm. mgm.

1 No calcium 8.69 .29 25.2 16.3

2 Calcium as anorthite 13.54 .38 51.5 42.6

3 Calcium as anorthite plus

acid clay

18.97 .64 ! 121.3 112.4

Fifty soybean seeds contain 8.9 mgm. of calcium.

TABLE 2

Composition of soybean plants as influenced by calcium in different forms

CULTURE
NUMBER

NITROGEN MAGNESIUM POTASSIUM PHOSPHORUS

Proportion
of crop
weight

Proportion
of crop
weight

Proportion
of crop
weight

Proportion
Total Total Total of crop

weight
Total

per cent mgm. per cent mgm. percent mgm. per cent mgm.

1 2.0 174 .26 22.6 1.62 1
141 1.08 94

2 1.6 217 .47 63.7 1.09 i 147 0.62 84
• 3

:

1.3 246
;

.33 62.6 1.12 1

1

212 0.50 95

and 4 m.e. of Mg as MgS04 in order to furnish other essential plant nutrients.

The pH of the final mixture was 5.65, which indicates a calcium saturation of

slightly more than 50 per cent. Then 2000 gm. of quartz sand that had been

previously leached with 1 : 1 HCl for 48 hours and washed free of chlorides was
added to the suspension. The sand-colloidal-clay-anorthite mixture was
allowed to evaporate to optimum moisture content.

As a blank determination on the effect of the acid colloidal clay in making
calcium available to the plant, a mixture was prepared as was the foregoing

except that distilled water was substitued for the clay suspension and, follow-

ing the mixing with sand, 1 per cent of activated charcoal was added to insure
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a buffered substrate for plant growth. Whffe standing, the anorthite-water
mixture changed in pH from 5.8 to 6.2, indicating a very slight hydrolysis of
calcium.

As a blank determination on the amount of calcium available in the char-
coal, a substrate similar to the foregoing one but without the anorthite-water
mixture was prepared.

Selected soybean seeds were germinated. After they had produced a
radicle about 2 cm. long, they were inoculated, and 50 seedlings -were planted
in each of the three mixtures and allowed to grow for 6 weeks. At the end of
this time, the tops and roots were harvested, placed in paper bags, and dried
in the oven at 60°C. for 48 hours.

The analytical data represent the analyses of both the tops and the roots
from the 50-plant cultures, each grown on a different substrate. The analyses
for calcium, magnesium, potassium, and phosphorus were made on aliquots of
a mtric and perchloric acid digestion of the pulverized plants. This digestion
converted the elements into chlorides, for which the standard analytic methods
were used. The nitrogen analyses were made according to the standard
Kjeldahl procedure for total nitrogen.

RESULTS

Plate 1 shows the growth of the plants at the end of the 6 weeks. The
amount of calcium transferred to the plant is evident from the data in table 1.
The analyses of the digested plant material showed the content of tissue calcium
to be the highest in the plants grown in culture 3 on the acid-clay-anorthite
mixture. The 50 plants in this case contained 112.4 mgm. of calcium taken
from the substrate. The soybean plants in culture 2 in contact with the finely
ground anorthite contained only 42.6 mgm. of calcium taken from the sub-
strate, while the plants on the charcoal, culture 1, contained only 16.3 mgm.
Culture 3 contained more nitrogen and potassium than did either of the other
two, as given in table 2. The amount of magnesium found was about the same
in cultures 2 and 3, but was much lower in culture 1. The phosphorus con-
tent of the plants was found to be almost constant in the three cultures.

DISCUSSION

The results of this study show the marked effect of the colloidal H-clay in
transforming a slowly available nutrient ion to a readily available one. The
crystal calcium of the anorthite was not completely invulnerable to the action
of the plant roots but was decidedly less avafiable than the calcium sorbed on
colloidal clay. Enough calcium was made available by root contact with the
crystal to show beneficial effects in both the growth and the calcium content
of the soybeans; but, by the same taken, the calcium in the acid-clay-anorthite
mixture was much more available to the plant.

The question naturaUy arises whether, in the short interval of 100 days,
enough calcium would be transposed from the anorthite to increase the degree
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of saturation of clay sufficiently that the calcium would be available to the

plants in significant quantities for effective growth and nitrogen fixation (5).

The pH of the acid-clay-anorthite mixture changed from 3.60 to 5.70, which

indicated that the percentage saturation had changed from 0 to 56. This

degree of saturation was high enough to produce a soybean plant containing

0.64 per cent calcium. This figure is 0.19 per cent higher than the lower limit

of 0.45 per cent calcium in soybean tissue, which was shown in a previous study

(3) to be necessary for the plant to carry out essential physiological functions.

Both the growth and the nitrogen fixation of the soybeans undoubtedly would

have been improved if a longer contact interval had been allowed to increase

the degree of saturation of the colloid by calcium. When one remembers that

the colloid was only approximately SO per cent saturated, the growth of the

soybeans on this substrate was excellent.

The plant analyses show that the soybeans grown on the acid clay anorthite

mixture took up 112.4 mgm. of calcium, or 5.6 m.e., which is 44.8 per cent of

the exchangeable calcium present at the beginning of the experiment. If

this had been removed without replacement it would have reduced the degree

of saturation to the low level of approximately 25 per cent. It is rather im-

probable that the plant would ever reduce the saturation to such a low degree,

since the H ions of the clay would be continually removing calcium from the

crystal lattice of the anorthite, thus keeping the calcium saturation of the clay

near the initial level. Since in the substrate a source of crystal calcium was

present which could maintain the base saturation, the level of exchangeable

calcium on the clay was high enough to furnish the needs of the plant.

From the data and the conditions of this experiment, one might infer that a

colloidal acid of some type was necessary for complete and rapid availability

of plant nutrients in the soil. The process by which nonavailable nutritive

cations become available might be visualized as a transfer, from the finer pri-

mary mineral crystals to a colloidal surface, of the cations, which are then

picked up by the contact exchange from the colloid by the plant. Since the

plant root hair, by contact with the crystal, can take nutrient cations from the

primary minerals, one would conclude that the surface of the root hair main-

tains an interface of hydrogen ions, which act very similarly to the colloidal

acid only to a much lesser degree because of lesser total surface contact. In

fact, by comparing the action of colloidal acids on primary minerals with the

action of plant roots, one might even approximate the amount of sorbed

hydrogen maintained during a growing season at the root interface.

As a result of the data in this experiment, a procedure for a biological assay

of soil mineral nutrients in the sand and silts might be suggested. The organic

and clay fraction could be removed from the soil, the silt and sand washed
completely and then treated with a stable electrodialyzed colloid clay. The
mixture should stand for several months then be added to add-leached quartz
sand. This would provide a substrate on which plants could be grown. An
analysis of the nutrients in the plant tissue would serve as a test of transfer.
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Further studies only can give accurate measurements on this approach to

the plant nutrients held in the soil.

SUMMARY AND CONCLUSIONS

This study on the transfer of calcium from mineral to plant through colloidal

clay gave the following results:

Plants groAvn on a substrate containing calcium in the crystal form as anor>

thite took up 42,6 mgm. of calcium.

Plants grown on a substrate in which the calcium from the anorthite had

been transferred to the exchangeable form by colloidal clay took up 112.4 mgm.
of calcium.

The total weight of 50 oven-dry plants grown on the culture using anorthite

alone w^as 13.54 gm. as compared to 18.97 gm. on the culture which contained

colloidal cla3L Colloidal clay, therefore, becomes an effective agent in trans-

forming slowly available plant nutrients to readily available nutrients, and

should be added to the list of other better established agencies.
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PLATE 1

Soybean Plants as Influenced by Different Forms of Calcium

i, No calcium; 2, Calcium as anorthite; 3, Anorthite plus hydrogen clay







INFLUENCE OF LIMESTONE AND DOLOMITE UPON SULFATE
RETENTION FROM ANNUAL ADDITIONS OF

POTASSIUM SULFATE

W. H. MacINTIRE, W. M. SHAW, and BROOKS ROBINSON

The University of Tennessee Agriculhiral Exfermient Station

Received for publication October 14, 1940

One result of the trend toward concentrated fertilizers has been a revival

of the problem of the nutrient value of sulfates for crops in humid regions. It

is contended that the substantial proportion of calcium sulfate in ordinary

superphosphate is of value as a source of nutrient sulfur and calcium. Since

^‘'triple” superphosphate contains a relatively meager proportion of that sulfate,

the question has arisen as to whether the concentrated superphosphate is as

effective as a P206-equivaience of ordinary superphosphate. Any difference

in effectiveness of the two types of superphosphates is resolved into the pos-

sible benefit of sulfate sulfur, however, when needful liming is provided.

The extent to which a soil can retain sulfates against leaching will govern

the length of the period during which sulfur supplied through fertilizers will

be of nutritive value to shallow-rooted crops. It is important to determine

wliether the sulfate ion so supplied is retained by the soil sufficiently long for

beneficial effect upon succeeding crops. It is important to ascertain also the

effect of rational liming upon such retention.

SOIL SULFATES

Derivation

Sulfur reserves in humid soils occur chiefly as organic residues, from which

sulfates are generated. Sulfur does not remain in unoxidized inorganic forms

in cultivated well-drained soils of mineral origin. Suffofication of organics

and oxidation of additions of elemental sulfur and of pyrite are stimulated and

sulfate outgo is accelerated by moderate supplements of all liming materials,

particularly magnesic compounds at heavy rates (2, 8, 11, 12, 14, 15). Oxi-

dation of elemental sulfur may be of either chemical or biochemical

mature
,

(5, ;9,;13)..

Sulfates may be brought back to surface horizons through plant roots, and

"variable increments of sulfates are derived from the atmosphere. The sulfur

content of rainwaters, collected at ten points in Tennessee and analyzed quar-

terl}?' over a 10-year period,was accounted for as sulfates of calcium, magnesium,

and potassium, in that order (7). Sulfates in rainwaters are attributable
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chiefly to smoke solids and therefore are governed by proximity of the col-

lection points to urban and manufacturing centers. It has been pointed out

that rainfall increments may offset rainwater teachings of sulfates from fallow

soils (15), Alway, Marsh, and Methley have shown that the soil also may

derive sulfur dioxide from the atmosphere, incidence of the gas being greater

in urban than in rural sectors (1).

Losses

Since desulMcation is induced by anaerobic organisms, the sulfur content

of cultivated soils presumably is depleted only through removal of crops and

by the leaching action of rainwaters. Analyses of the soils from the Jordan

Fertility Plats indicated that long-continued applications of ammonium sulfate

caused a marked depletion of bases without build-up of sulfate content (3).

Lysimeter studies have shown that outgo of both applied and soil-generated

sulfates from a fallow humid soil is influenced to a variable extent by additions

of calcic and magnesic materials in various forms and at different rates (4, 9).

Each magnesic compound was more accelerative than its corresponding calcic

compound in causing sulfate leachings, and the accelerative effect of dolomite

was usually somewhat greater than that of high-calcic limestone (4, 8). A
7-year lysimeter study at the Tennessee Station dealt with the influence of

cation combination upon leachability of the sulfate radical from annual equiva-

lent additions of calcium, magnesium, and potassium sulfates, with and without

single initial incorporations of limestone and of dolomite. Variation in cation

combination did not affect materially the extent of sulfate outgo in the drain-

age waters. Absolute recoveries of the suKate ion were obtained, however,

only in leachings from magnesium sulfate and potassium sulfate treatments

that had been supplemented with full-depth incorporations of dolomite (16).

Results from the Virginia and Tennessee Stations (2, 4), and also unpublished

findings from the Tennessee Station, showed that certain heavy subsoils ef-

fected substantial and protracted retention of the sulfate ion supplied by
direct applications and also by rainwater leachings from overlying surface

soil. The disparity between rates of sulfate leachings from the surface soil

alone and those from soil underlain with subsoil is, however, a problem separate

from the present consideration.

EXPERIMENTAL

Objectives

The objectives of the present study were to determine the influence of lime-

stone and dolomite upon retention of the sulfate ion supplied by successive

annual applications of potassium sulfate to soils exposed to rainfall and thereby
to ascertain whether such treatments create sulfur reserves in the soil and how
long the additions can be expected to supply nutrient sulfur to plant growth.



RETENTION OF SULFATE BY SOILS 75'

Soils and treatment

The soils used in the present lysimeter experiment were an alkaline Calhoun

silt loam from the West Tennessee Experiment Station, an acidic Hartseils

fine sandy loam from the Cumberland Plateau, and an acidic Cumberland

clay loam from Knox County, East Tennessee. The soil area per tank was

approximately 1/20,000 acre; the depth .was 7 inches; there was nO' underlayer'

of subsoil; and the soils were uncropped and uncultivated during the 10-year

experimental period. Initial suKur content and water-extractable sulfates;

exchange capacity; exchangeable Ca, Mg, K, and H; and pH values by glass

electrode are given in table 1. The initial quantities of water-extractable

sulfates in the three soils, in the order given, were 80, 100, and 220 pounds of

SOs per 2,000,000 pounds of soil. These occurrences represented 12.7, 11.1,

TABLE 1

Analytical mines for soils of present experiment

LABORATORY NUMBER

SOIL TYPE pH*
EXCHANGEABLE

CAPACITYt

Ca Mg Kt HI

<
0$
p
S

id
r

§

m.e.W
1

m.e.l OT.e.li
;

per cent per cent

6347 Calhoun silt loam 7.40 5.2 6.7 1 0.6 0.13^ 0' ^ 0.0316 0.004

6348 Hartseils fine sandy loam 5.07 9.5 1.7 0.9 0.37 7.4 0.0449 0.005

6349 Cumberland clay loam 5.61 7.9 2.6 0.4 0.35 5.6 0.0751 0.011

* By glass electrode.

t By ammonium acetate.

f Procedure of Wilcox (17).

§ By difference between exchange capacity and alkalinity value.

II
Per 100 gm. soil.

and 14.6 per cent of the respective initial sulfur contents of the Calhoun,

Hartseils, and Cumberland soils.

Each soil received 10 annual additions of potassium sulfate, applied in

solution to the soil surface. The initial additions were made at the rate of

370 pounds per acre surface to supply 170 pounds of SOs, with and without

full-depth incorporations of 100-mesh limestone, or of dolomite, at the equiva-

lent rate of 1 ton of CaO per 2,000,000 pounds of soil, moisture-free basis.

The nine subsequent additions supplied SOs at the rate of 178.9 pounds per

annum, and the aggregate of the SOs additions for the lO-year period was 1780

pounds, acre basis. In a fourth series, the Cumberland clay loam received

fourfold annual applications of potassium sulfate, with and without single

incorporations of limestone and dolomite. The fourfold additions were dis-

continued after the eighth treatment, however, since the composition of drain-
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age waters then showed that potassium fixation had ceased. The aggregate of

the eight heavy treatments was 5689 pounds of ^SOs per acre.

Annual analyses, inches of yearly rainfall and sulfate increments therefrom,

totals of sulfate additions, and percentage recoveries, are given in terms of

SOs in table 2. The potassium sulfate treatments of the present comparisons

were made in parallel with equivalent additions of other potassic salts, and

the annual composites of periodic rainwater leachings therefore were analyzed

for K, Ca, and Mg, as well as sulfates. The present paper, however, deals

solely wuth the fate of the added sulfate radical.

EXPERIMENTAL FINDINGS

The difference between sulfate outgo from untreated soil and sulfate input

by rainwaters affords a measure of the inherent tendency of the soil to retain

sulfates. Sulfate outgo from the untreated Hartsells soil during the initial

annual period was only slightly more than increments by rainwater, whereas

the sulfate outgo from each of the other two untreated soils was in substantial

excess of the sulfates derived from the rainwater of that year. The sulfate

outgo (169 pounds) from the untreated Calhoun soil during the first year was

almost identical to the sum (166 pounds) of its initial content of water-extract-

able sulfates and increments from rainwaters. Sulfate removal by the leach-

ings from the untreated Hartsells soil during the first year was about half of

the sum of initial sulfate content and sulfate increments. The same was true

for sulfate release from the untreated Cumberland clay loam. In some cases,

subsequent annual outgo of sulfates from the untreated controls was consider-

ably less, and in others somewhat greater, than the amount of sulfates derived

from the rainwaters. The 10-year aggregate of sulfate increments from rain-

waters exceeded the respective amounts that passed through the unsulfated

Calhoun and Hartsells soils. These two soils were comparable as to their

initial contents of total sulfur and water-extractable sulfates. The high initial

water-soluble sulfate content, 220 pounds of SO3, of the Cumberland soil was

reflected by an aggregate outgo of 60 pounds of SO3 in excess of the quantity

brought to it by rainfall.

Sulfate recoveries

From unlimed soils. The sulfate outgo from each unsulfated soil was used

as the control in computations as to recovery of the sulfate additions. The

difference between the initial annual sulfate outgo from each unlimed sulfated

soil and the first year’s outgo from its untreated control was less than the sul-

fate addition. Recovery from the Hartsells soil for the first two years was

less than half of the addition, as against recoveries of 71 per cent and 94 per

cent from the unlimed Cumberland and Calhoun soils. During succeeding

years, enhancement in outgo of sulfates for an annual period was less in some

cases and in other slightly more than the equivalent of the annual addition of

K2SO4. The cumulative outgo of sulfates from each unlimed sulfated soil
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proximated but in most cases did not equal the cumulative additions during

the interval between the first and tenth annual periods.

Some retention of sulfates was indicated by the final results from each un-

limed soil Minimal percentage recovery, or maximal percentage retention,

for the iO-year period was registered by the Hartsells soil in its natural acidic

state. The largest quantity of sulfates not accounted for by the leachings

was the fourfold addition to the unlimed Cumberland soil. Comparison of

initial total sulfur content and that found by fusion of the final sample did not

demonstrate that the fourfold treatment had accumulated sulfur in forms other

than sulfates. The possibility that this apparent discrepancy was due to

desulfofication is being considered in supplemental studies.

An attempt to correlate sulfate outgo and total rainfall for a particular

annual period involves detailed considerations. Extent of rainwater leaching

of soluble salts during a given period is governed probably more by distribu-

tion, or periodicity, of rainfall than by the total precipitation. When pre-

cipitation during the latter part of an annual period is subnormal, sulfates

accumulate and are removed to considerable extent by the rainfall of the early

period of the succeeding year.

Prom limed soils. Enhancements in sulfate outgo from the limed soils during

the first year represented complete recoveries of the initial sulfate additions.

The accelerative influence of the liming materials upon sulfate outgo was still

in effect during the second annual period but not definitely thereafter. The
respective increases in sulfate outgo from the limed Hartsells and Cumberland

soils during the first two years were respectively equivalent to one sixth and

one half of the sulfate additions.

At the end of the 10-year period both limestones had induced substantially

absolute sulfate recoveries from all of the additions at the basal rate, and in

five of the six cases there was evidence of a draft upon the sulfates derived

jointly from the soil and its rainwater increments. The effect of dolomite

was somewhat greater than that of high calcic limestone upon outgo of sulfates

from the Callioun and Hartsells soils. The dolomite contained small quan-

tities of sulfides of iron and zinc, the complete oxidation of which would
have supplied 55 pounds of SO3 per acre. Limestone and dolomite were equally

effective, however, in the Cumberland clay loam and were of almost identical

effect upon 8-year and 10-year recoveries from the 5689-pound aggregate of

the fourfold additions.

The aeration incident to the incorporation of the liming materials was im-

posed also upon the unlimed soils and of itself was conducive to increased

sulfofication. In previous related studies, it was observed that outgo of

biological end-products from untreated soilswas maximal during the first year
after placement. The incorporation of ordinary liming materials at economic
rates usually induces further enhancement in outgo of solutes during the first

year, and even during the second year. The greater recovery of sulfates

from the limed soils during the first two years probably can not be attributed
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altogether to activated su-lfoScation, since the acidic soils retained substantial

fractions of the sulfates added during the first two 3^ears. The ameliorative

effect of the liming materials upon the colloids of the amphoteric elements

apparently diminished their capacity to induce the formation of insoluble

hydroxy sulfate complexes.

TABLE 3

Coffection of sulfate-leaching recoveries by application of di^fferences between mitial and 'final

amounts of water-exiractdble sulfates*

Sulfate in pounds of SOs per 2,000,000 pounds of soil

SOIL

SULFATE OUTGO,
DEVIATIOIS FROM
UNTREATED

son.

EINAL WATER-
EXTRACTABLE

SUXEATE
CONTENT

COMPUTED
RETEN-

TION, — t,

AND

Type Treatment

Final
pH

values

t

Actual

In re-

lation
to re-

covery

Actual

Devia-
tion
from
initial

content

RELEASE,
•+•§, OE
SULFATE
BY SOIL

Calhoun silt Sulfate 6.97 1677 -103 68 -12 -115

loam Sulfate and limestone 7.60 1738 -42 88 4-8 -34
Sulfate and dolomite 7.50 1819 +39 98 4-18 4-57

Hartsells fine Sulfate 5,00 1582 -198 128 4-28 -170

sandy loam Sulfate and limestone 5.70 1869 -1-89 90 -10 4-79

Sulfate and dolomite 5.70 1918 -1-138 90 -10 4-128

Cumberland Sulfate 5.20 1690 -90 150 -70 -160

clay loam Sulfate and limestone 6.00 1888 4-108 110 -110 -2
Sulfate and dolomite 6.10 1889 4-109 110 -110 -1

Sulfate X 4 5.30 5137 -552 116 -104 -656

Sulfate X 4 and limestone 6.10 5538 -151 92 -128 -279

Sulfate X 4 and dolomite 6.10 5573 -116 88 -132 -248

Fifteen minutes’ agitation of 100 gm. of soil per 500 cc. of water; 400 ec. of Btichner

filtrates evaporated with MgCNOa)^; residue ignited, taken up with dilute HGl; silica removed

and sulfates precipitated as BaS04 .

t All pH values by glass electrode. Initial and final pH values of untreated soils were:

Calhoun, 7.40 and 7.00; Hartsells, 5.07 and 5.00; Cumberland, 5.61 and 5.10.

X Upon assumption that no loss can be attributed to gaseous phases of S compounds.

§ Algebraic sum of actual excess in outgo and variation between mitial and final content

of water-extractable sulfates.

Verification of lysimeter findings as to sulfate recoveries

The sulfate recoveries of table 2 were based upon assumptions that the

amount of leachable sulfates in each soil at the end of 10 years was the same

as the amount present initially and that the sulfates of the fallow soils were

not deoxidized into gaseous phase and not transformed into organic combina-

tions. The two last-mentioned assumptions were deemed tenable, but it

was considered probable that initial and final sulfate contents were different
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because of the physical and chemical changes induced in the soils by the several

treatments.

Difierences between lysimeter recoveries and those corrected by applying

the variations between initial and final quantities of water-extractable sulfates

are given in the last column of table 3. Considered as ultimate effects of ten

additions during the lO-year period, the recovery values registered by the

lysimeter data are substantially the same as the values obtained by application

of variations between initial and final contents of water-extractable sulfates.

Relation of soil reaction to sulfate leachahility

Changes in pH values of the lysimeter soils are given in table 3 and show

that the natural rainwater leaching invariably caused a decrease in pH of

TABLE 4

Disparity between amounts of residual sulfates removed by agitated aqueous and dilute

hydrochloric acid extractions of soils after 10 annual additions of potassium sulfate^

Sulfate in pounds of SO? per 2,000,000 pounds of soil

SOIL SULEATE EXTRACTIONS

Type Treatment pHf By water
By 0.05 N
HCI

Disparity
by acid

extraction

Calhoun silt loam Sulfate 6.97 68 22 46

Sulfate and limestone 7.60 88 26 62

Hartsells fine Sulfate 5.00 128 20 108

sandy loam Sulfate and limestone 5.70 90 18 72

Cumberland clay Sulfate 5.20 150 20 130

loam Sulfate and limestone 6.00 110 16 94

Sulfate X 4 5.30 116 10 106

Sulfate X 4 and limestone 6.10 92 12
i

80

* Technic identical withi that described in corresponding footnote of table 3.

t By glass electrode.

each untreated soil. The same was true of the soils that received potassium

sulfate alone, although the sulfate additions apparently exerted no effect upon
pH. The 1-ton CaO-equivalent liming treatments maintained the initial

alkalinity of the Calhoun soil, but were not sufficient to impart ultimate alka-

linity to the two initially acidic soils. The two types of limestone were equally

efficacious in their effect upon final pH.

The leaching data suggested the conclusion that diminution in acidity de-

creases the capacity of a soil to retain added soluble sulfates. The influence of

pH upon the capacity of each of the three soils to retain sulfates was studied

through simultaneous aqueous and 0.05 iV HCl extractions of samples of cer-

tain of the lysimeter soils collected at the end of the 10-year period, by the
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analytical technic indicated in the first footnote of table 3. The data of table

4 show that sulfate removal by means of the agitated acidic extraction of each

soil was only a small fraction of the removal effected by agitated aqueous

extraction. This held for the sulfated Calhoun soil, both limed and uniimed.

That soil was alkaline initially and practically neutral at the end of the lO-year

period, whereas definite alkalinity had been maintained by the liming. The
dilute acid converted the analytical charge of limed Calhoun soil to an acidic

system and extracted almost the same amount of sulfates from it and the un-

limed initially alkaline soil. Attempts to effect recovery of added sulfates

by means both of fusions and of incinerations of sulfate-fortified soils demon-

strated that recoveries by aqueous extractions exceeded those obtained by

similar extractions with mineral acids (6).

Each addition of limestone and of dolomite had induced a tendency toward

sulfate release to rainwater teachings, although none of the six liming treat-

ments induced a final pH above 6.10 in the Hartseils and Cumberland soils.

The tendency of the partially neutralized acidic soils of the last three groups

of table 3 to yield larger quantities of sulfates to rainwater teachings, and also

to aqueous extractions, was nullified by the substantial acidity imparted to

the charges of soil by the dilute acid extractant.

This marked alteration in the capacity of both unlimed and limed soils

to retain sulfates, subsequent to lowering the pH in dilute acid suspensions,

serves to substantiate the explanation as to disparities in sulfate recoveries by

the rainwater leachings from identical sulfate additions to the several limed

and unlimed lysimeter soils. Incomplete recoveries of sulfate additions and

rainwater sulfates by the rainwater leachings from the acidic soils are probably

due to development of retentive capacities, rather than either to chemical

reduction and dissipation of the added sulfates or to the formation of organic

compounds. The recoveries of sulfates beyond the quantities introduced into

the limed soils are attributable in part to increased sulfofication, particularly

during the early years of the 10-year period, and in part to the effect of liming

upon sulfate leachability, which is also a measure of the capacity of the soil to

supply solute sulfates to plants,

PRACTICAL ADAPTATION OF FINDINGS

The leaching data demonstrate that no substantial build-up of the sulfur

content of the soil is to be anticipated from the addition of potassium sulfate

at rational rates. Since the sulfate retention from additions of this sulfate

have been shown to be practically identical to retentions from equivalent

additions of both calcium and magnesium sulfates (16), it seems admissible

to translate the present findings into terms of calcium sulfate derived from

additions of superphosphate.

Annual incorporations of approximately 675 pounds of ordinary superphos-

phate of 45 per cent calcium sulfate content would be required to furnish the

178-pound yearly additions of SO3 supplied by the potassium sulfate treat-



merits. THe sulfate leachings from the fallow soils indicate that the acidic

soils retained substantial fractions of sulfate from additions made at that rate.

Such additions would be leached within the year from moderately limed soils

of the types used in this experiment.

Although rational additions of ordinary superphosphate to general crops

seldom supply more than 178 pounds of SO3,
it was considered desirable to

apply sulfate-sulfur at a rate beyond one to be expected in fertilization for

special “money” crops. The behavior of the fourfold incorporations was

similar to that of the incorporations at the basal experimental rate, and there

was no justification for the expectation of a substantial build-up of sulfur in

the moderately limed soils.

Until evidence to the contrary is adduced, it can be postulated that the

principles that govern the fate of sulfate supplied by superphosphate treat-

ments in the range of 675 to 2700 pounds per acre per annum are applicable

also for smaller incorporations, at least in the case of Cumberland clay loam.

There would be no point to an assumption that the retention of sulfates

by the unlim'ed soils would represent an advantageous accumulation of sulfur

reserves. Rational usage of acidic phosphates calls for supplemental liming

on most of the soils of humid regions, and nothing would be gained by an ac-

cumulation of sulfates in unlimed soils that would show no economic crop

response to acidic phosphates. It seems logical to conclude that sulfates

supplied to limed soils through additions of fertilizers will afiord current sup-

plies of readily available nutrient sulfur and that such supplies are removed

within a year and hence do not accumulate in soils of humid sectors. More-

over, rational liming would supply adequate quantities of nutrient calcium,

and this would minimize the beneficial efiect of the supply of nutrient calcium

introduced by the calcium sulfate of ordinary superphosphate. Any benefit

from the calcium sulfate content of superphosphate additions to limed soils

would be attributable therefore to the nutritive value of sulfate sulfur.

SUMMARY

One alkaline soil and two acidic soils were used in a 10-year lysimeter study

of the fate of the sulfate ion from annual applications of K2SO4 to fallow sur-

face, with and without initial full-depth incorporation of a 1-ton CaO-equiva-

ience of either limestone or dolomite.

Sulfate leachings from the untreated soils were less than sulfate increments

from ramwaters for some annual periods and greater for others. The 10-year

^-ggi^egates of sulfate leachings from two of the untreated soils were less than

the total amount of sulfates introduced by rainwaters, whereas the reverse

was true of the third untreated soil

Absolute recovery of sulfate additions for the 10-year period was not ob-

tained from any of the unlimed soils, the recoveries being in the percentage

range of 89 to 95.

The early effect of the single incorporations of each liming material was
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to accelerate sulfate outgo. The ultimate effect was complete recovery of the

added sulfate radical and a draft upon the sulfur content of the soil and its

Tainwater increments.

Correction of aggregate sulfate outgo by application of the appropriate

algebraic difference between initial and final contents of w^ater-extractable

suKates did not alter appreciably the lysimeter findings as to sulfate recoveries.

The rainwater leachings induced a lowering of pH in every soil, but the sul-

fate additions, per se, exerted no effect upon pH values. A lowering of pH
imparted a marked increase in the capacity of each soil to retain sulfates.

Evidence of the tendency of additions of sulfates to enter into less readily

leached sulfate complexes in the acidic soils was adduced by disparities between

the amounts of sulfates recovered from the final samples of the lysimeter soils

by simultaneous aqueous and 0.05 N HCl extractions. Each sulfate removal

by aqueous extraction was much greater than the removal by dilute acid

extraction.

CONCLUSIONS

Since a previous study showed substantially identical leachability of the

sulfate radical in its combination with calcium, magnesium, and potassium,

it seems allowable to interpret the present results in terms of sulfate retention

when the soil receives economic additions of ordinary superphosphate.

The results indicate that the rainfall of humid regions effects substantially

complete removal of ordinary additions of fertilizer sulfates from the soil

within a year. Acidic soils may retain small fractions of the sulfate additions,

but supplemental incorporations of finely ground limestone and dolomite

accelerate and enhance the outgo of sulfates to an extent that precludes a

build-up of sulfur from the sulfate applications. Successive annual additions

of potassium sulfate exert no direct influence upon the ultimate pH of the soil.

The findings indicate that the directly beneficial effects attributable to

nutrient sulfur supplied by the sulfate components of ordinary additions of

fertilizers would not extend to crops grown in succession to those fertilized.

REFERENCES

(1) Alway, F. J., Marsh, A. W., and Methley, W. J. 1937 Sufficiency of atmospheric

sulfur for maximum crop yields. Proc. Amer, Soc, Soil Sci. 2: 229-238.

(2) Ellett, W. B,, and Hill, H. H. 1929 Effect of lime materials on the outgo of sulfur

from Hagerstown silt loam. Jour. Agr. Res. 38: 697-711.

(3) MacIntike, W. H. 1912 A comparative study of the effects of equal amounts of

nitrogen on dried blood and ammonium sulfate. Penn. State Col. Ann. Rpt.

1911-12: 75-82.

(4) MacIntiee, W. H., Willis, L. G., and Holding, W, A. 1917 The divergent effects

of lime and magnesia upon conservation of soil sulfur. Soil Sci. 4: 231-235.

(5) MacIntike, W. H., Gray, F. J., and Shaw, W. M. 1921 The non-biological oxi-

dation of elementary sulfur in quartz media. Jour. Indus, and Engin. Client.

13:310-313.'.^'

(6) MacIntiee, W. H. 1922 Referee’s report on soils. Jour. Assoc. Of. Agr. Chem.
"

' 5; 405,-418.

.



84 W. H. MACiNmE, W. M. SHAW. AND B.. ROBINSON

(7) MacIntire, W. H., and Young, J. B. 1922 Sulfur, calcium, magnesium, and po-

tassium content and reaction of rainfall at different points in Tennessee. Soil

Sci. 15: 205-227.

(8) MacIntire, W. H., Shaw, W. M., and Young, J, B. 1923 The influence of calcic

and magnesic additions upon outgo of sulfates from a loam soil as measured by

lysimeter leachings over an 8-year period. Soil Sci. 16: 1-40.

(9) MacIntire, W. H., Shaw, W. M., and Young, J. B. 1923 Influence of calcic and

magnesic treatments upon sulfate leachings from soil alone and with additions

of ferrous sulfate, pyrite, and sulfur. Soil Sci. 16: 159-182.

(10) MacIntuke, W. H., and Shaw, W. M. 1925 The ternary systems Ca0-Fe20s-CaS04

and Ca0-Al20rGaS04 as explaining the retention of sulfates by heavily limed

soil. Soil Sci. 19: 125-151.

(11) MacIntire, W, H. 1926 Influence of form, soil zone, and fineness of lime and mag-

nesic incorporations upon outgo of sulfates and nitrates. Soil Sci. 22: 21-30.

(12) MacIntire, W. H. 1927 Outgo of calcium, magnesium, nitrates, and sulfates from

high calcic and high magnesic limes incorporated in two soil zones. Soil Sci.

23: 175-197.

(13) MacIntire, W. H., Shaw, W. M., and Young, J. B. 1930 The oxidation of pyrite

and sulfur as influenced by lime and magnesia; a 12-year lysimeter study. Soil

Sci. 30: 443-457.

(14) MacIntire, W. H., et al. 1932 The effects of certain Colorado soils upon the

outgo of bases, chlorides, and sulfates from a Tennessee soil. Soil Sci. 36 : 435-46.

(15) MacIntire, W. H., ET AL. 1934 The conservation of burnt lime, limestone, dolomite,

and calcium silicate in soil, as influenced by methods of incorporation. Tenn.
Agr. Exp. Sta. Bui. 152; Va. Agr. Exp. Sta. Tech. Bui. 54.

(16) MacIntire, W. H., et al. 1938 Behavior of calcium, magnesium, and potassium
sulfates, as influenced by limestone and dolomite—a lysimeter study. Soil

Sci. 46: 229-247.

(17) Wilcox, L. V. 1937 Determination of potassium. Indus, and Engin. Chem.j
AnalyL Ed. 9: 136-138.



NITROGEN FIXATION BY AZOTOBACTER CHROOCOCCUM IN THE
PRESENCE OF SOIL PROTOZOAi

R. J. HERVEY AND J. E. GREAVES^

Utah Agricultural Experiment Station

Received for publication January 6, 1940

That protozoa occur in soil has been recognized since the work of Ehrenberg

a century ago, but it was not until 1909 that Russell and Hutchinson (35) ad-

vanced the theory that protozoa limit bacterial numbers. Previous to this

investigation, protozoa were believed to be accidental contaminants of the

soE, occurring only as passive cysts. With the recognition that protozoa are

active agents in soil processes, research in the field of bacterial-protozoan

relationship was actively pursued in both Europe and America (1, 6, 8, 14,

36, 38, 39, 42, 45), and today many soE microbiologists believe protozoa in-

crease beneficial bacterial activities.

Sewertzova (41) found that protozoa prefer Azotobacter to many other soil

bacteria, and Fedorowa-Winogradowa (12) cultured amoebae on Azotobacter

as the sole source of food.

Kopeloff, Lint, and Coleman refer to several investigations reporting the

abundance of protozoa in crude cultures of Azotobacter. Baumgartel (2)

noticed that protozoa were abundant in Azotobacter cultures and that the

pellicle was modified depending upon the type of available nitrogen in the soil.

Nasir (29) and Cutler and Bal (9) found that several kinds of soE protozoa

stimulated nitrogen fiixation by Azotobacter. This was confirmed with amo-

ebae by Fedorowa-Winogradowa (13). Hirai and Hino (21), working with

Azotobacter and protozoa in sand cultures, reported stimulation of nitrogen

fixation in a majority of cases owing, tiiey believed, to a disjunctive symbiosis

between the two organisms. Telegdy-Kovats (43) found that Colpoda and

Paramecium stimulated Azotobacter. Lander (25) reported that protozoa

increased nitrogen fixation 48 per cent. Moler (28) assumed that protozoa

make the nitrogen in Azotobacter ceEs avaEable to plants, the assimEated

bacterial protein being excreted as urea, ammonia (11), or uric acid (22).

METHODS OF INVESTIGATION

How cultured

The methods used to study the relationship of protozoa to Azotohacter

chroococcum are similar to those employed by previous workers. The protozoa

^ Contribution from the department of bacteriology and biochemistry, IJtah Agricultural

Experiment Station,

2 Research assistant and research professor of bacteriology and biochemistry, respectively.
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in all cases were freed from bacteria, the Azotobacter serving as the sole source

of nutrient. Instead, however, of using one type of substrate such as liquid

medium or soil in which to study the effect protozoa exert on nitrogen fixation,

four different substrates—^liquid, agar, sand, and soil media—^were used.

The liquid and agar media were prepared from pure chemicals and distilled

water. In the earlier experiments a modified Greaves’ medium (16) containing

5 p.p.m. of iron and manganese was used. In a few experiments, 1 p.p.m. of

sodium molybdate was added to the liquid medium. Sterilized soil was the

third medium. In it a study was made of the influence of moisture, the in-

fluence of humus, and the influence of mannite.

The liquid medium was distributed in 100-cc. portions into 1000-cc. Erlen-

meyer flasks. Twenty-four cubic centimeters of the agar was poured into

large Petri dishes. The sand and soil substrates were distributed in 100-gm.

quantities in large Petri dishes and in covered tumblers. The soils varied in

humus content, and they were autoclaved for 7 hours at 117°C. Tests showed

them to be sterile. To each sand container was added aseptically sufficient

nitrogen-free mineral solution to saturate the sand. To part of the soil con-

tainers was added the equivalent of 1 gm. of mannite. Several different mois-

ture contents were studied.

Protozoan cultures

The protozoan species were obtained from five different soils; four from the

Utah Experiment Station Greenville farm, which had received different

manure or fertilizer treatment over a period of years, and the fifth, rich in leaf

mold, from a forested area near Logan, Utah.

Forty-gram portions of the soils were placed into 50 cc. of each of the 14

different media in 250-cc. Erlenmeyer flasks, according to Yakimoff and

Zeren (46). After a few days the inoculated flasks were examined. The
maximum number of protozoan species found was ten; of these, six species

commonly occurred. Four protozoan species were used in this work: two

ciliates, Colpoda maupasii and Oxytricha sp.?; one amoeba, Hartmanella

hyalina; and one flagellate, Colponema symmetrica* They were isolated by
means of capillary pipettes. Depression slides were used as dilution chambers.

The process of dilution and examination continued until only one protozoan

cell remained in a drop. This was incubated in a moist chamber for 24 hours

and, if found free of other protozoa, was transferred to fresh liquid medium.
The amoebae obtained in /^pure mixed cultures” (a pure culture of protozoa

growing on a pure culture of bacteria) were purified by the Petri-dish migration

methods of Sewertzova (40) and Oehler (30, 31). The ciliate Colpoda was
freed of the majority of the contaminating bacteria by the micro-pipette-

washing technic of Hargitt and Fray (19) and Parpart (32), after which a pure
mixed culture was obtained as described previously for the amoeba. A method
described by Hal (18, pp. 51-59), in which advantage is taken of the geotropic

responses of these organisms, was used successfully with both the ciliates and
with the flagellate.
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Biological deiermimtions

Two days in advance of the protozoan inoculation, the various media were

inoculated with known quantities of Azotobacter ceils, thus ensuring a sub-

strate immediately suitable for the growth of the trophic protozoa. The same

numbers of protozoan ceils were used to inoculate each flask.

Bacterial numbers. Bacterial numbers were determined by the direct micro-

scopical method, twenty fields being counted and the average taken. Deter-

minations were made in replicate. The liquid media flasks were made up to

volume and well shaken to distribute the cells as evenly as possible. For

staining, erythrosin was found to be most satisfactory, since it did not appre-

ciably stain the capsular material accompanying the bacterial cells. The
growth was carefully scraped from the surface of the agar medium and sus-

pended in 100 cc. of sterile water, thoroughly shaken, and 1-cc. aliquots were

removed and counted. In the sand cultures, 1-gm. quantities of the moist

sand were vigorously shaken in 250-cc. Erlenmeyer flasks containing 9 cc. of

sterile water. The organisms in the supernatant liquid w^ere then counted.

The method of Conn (5) was used on the soil counts.

Protozoan numbers. The protozoa in the liquid and agar media were counted

according to Peters (33). The protozoa in the soil and sand cultures were

counted by the dilution method. No attempt was made to distinguish

between trophic and cystic forms. Dilutions up to 1-10,000 were used.

Chemical determinations

Nitrogen was determined by the Kjeldahl method. In these determina-

tions, 20 gm. of the sand, 10 gm. of the soil, and the total liquid and agar cul-

tures, allowance being made for the aliquots removed, were used. Mannite

consumption was determined by the Christensen and Bondorff (4) method,

the pH by a quinhydrone electrode and calomel half cell. All figures on nitro-

gen reported represent mean values derived from closely agreeing replicates.

EXPERIMENTAL RESULTS

Experiments on liquid media

The liquid media after inoculation were incubated from 2 to 6 weeks. The

first experiments lasted 4 weeks with incubation temperatures of 20 and 3(fC.

Colpoda maupasii was used as the coexistent organism. Each flask was inocu-

lated with 5,000 Colpoda and 8,000,000 Azotobacter ceUs and contained 1 gm.

of mannite. The results, averages of three or more closely agreeing determina-

tions, are given in table 1.

The quantity of nitrogen fixed by Azotobacter alone is small. This is owing

to its having been cultured for 6 months on media prepared with Baker’s

pure chemicals and distilled water. Moreover it is a characteristic of

hacter chroococcum to decrease in nitrogen-fixing ability when cultured in syn-

thetic media. This culture, after being passed through sterile soil, fixed 5.2
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mgm. of nitrogen. To assure uniformity, the same culture was used through-

out the experiment.

The quantities of nitrogen fixed in the presence of the Coipoda are decidedly

greater than the controls, and since the only difference between the two sets

of cultures is the protozoan cells themselves it must be concluded that these

in some way stimulate Azotobacter.

It is apparent from table 1 that in addition to the greater quantities of nitro-

gen fixed in the Colpoda-Azotobacter cultures there is a more rapid con-

sumption of mannite. By the end of 29 days, however, the two cultures had

consumed nearly all the mannite. Hence for energy utilized, the Colpoda-

Azotobacter cultures fixed two to three times as much nitrogen as did Azo-

tobacter alone.

TABLE i

Nitrogen fixed J
mannite consumed^ and number of Azotobacter in liquid medium in the presence

and absence of Coipoda

AT 20‘’C. AT SO^C,

7 days 14 days 29 days 14 days 29 days

Nitrogen jGxed, mgm.
Azotobacter cultures 0.8 1.2 2.7 1.4 I 3.2

Azotobacter-Coipoda cultures 5.4
1

9.1 9.6 6.1 6.4

Mannite used, mgm.
Azotobacter cultures 150 730 870 660

1

960

Azotobacter-Coipoda cultures 620
1

930
1

950 920 980

Number of Azotobacter, millions/cc.

Azotobacter cultures 20.7 23.1 34.2 70.0 67.0

Azotobacter-Coipoda cultures 68.9 85,1 54,3 64,6 76.7

The temperature influenced the quantity of nitrogen fixed. Pure cultures

of Azotobacter were favored by higher temperature, whereas the Colpoda-

Azotobacter cultures did better at 2(fC, As most ciliates are known to de-

velop best at 20 to 22°C,, it seems that the increased fixation at 20®C. may be

due to a more favorable temperature for the protozoa, even though 30®C. is

optimum for Azotobacter. That the protozoa developed better at the lower

temperature than at the higher is evident from the protozoan count after 14

and 29 days. At 20®C. there were 25,000 and 76,000 cells per cubic centimeter

as against 10,000 and 36,000 for the same periods at 30®C.

The substantially greater number of Azotobacter cells usually found in the

Colpoda-Azotobacter cultures accounts for the increased nitrogen fixation and
the rapid disappearance of mannite. Though the difference in bacterial num-
bers in the Colpoda-Azotobacter and control cultures is definite at 20° C., it

is less so at 30°C. There were also visible differences owing to the presence



NITROGEN FIXATION BY AZOTOBACTER 89

of Coipoda, Tile pellicles which formed after about a week in the Colpoda-

Azotobacter flasks were thick and filled with minute holes, and the Coipoda

organisms were found directly under the membrane, whereasthe pellicles on the

control cultures were thin and transparent. After about 4 weeks the pellicle

on the Coipoda-Azotobacter cultures became dark brown or black and ex-

tremely thick and leathery. The bacterial cells in the Coipoda-Azotobacter

cultures were morphologically different from the cells in the controls. The
majority of the former were relatively small and stained deeply, as is charac-

teristic of young cells. Granules were absent.

This experiment may be criticized because of the low fixation of nitrogen

by the controls; therefore, in another test 1 p.p.m. of sodium molybdate was

added to the medium previously used. The controls fixed 12.2 mgm. and the

Coipoda-Azotobacter cultures 17.5 mgm., indicating stimulation by the pro-

tozoa even in the presence of molybdate. Moreover the fixations in our con-

trols are not far different from those reported by Cutler and Bal (9)

.

The question arises as to whether this stimulation is temporary or whether

it would continue for a longer period. To answer this, 1 per cent mannite was

added to each flask every 2 weeks. By the end of 90 days an average of 32

mgm. of nitrogen had been fixed by the Coipoda-Azotobacter cultures and 8

mgm. by the control. Six grams of mannite had been added to each flask.

The Coipoda-Azotobacter cultures lost little of their original efficiency, as they

fixed 7 mgm. during the first 15 days and 11 mgm. during 30 days. Apparently

the cultures could have gone on indefinitely fixing nitrogen, provided they had

a supply of mannite and phosphate. The controls, on the other hand, fix

nitrogen slowly, decomposing the mannite for purposes other than fixation.

Bacterial numbers were much greater in the Colpoda-xAzotobacter cultures.

Previous workers have offered several possible explanations for the increased

fixation observed in the presence of protozoa. Cutler (9) and others (29, 43,

44) believe that the phagocytic activity of the protozoa maintains bacterial

activity at maximum efficiency by eliminating old cells and their metabolic

products, thus permitting younger cells to continue their activity at a higher

rate. Hirai and Hino (21) suggested that the Azotobacter and protozoa are

mutually beneficial, the bacteria by serving as food and the protozoa through

excretion of ammonia, which maintains the alkalinity of the medium by neu-

tralizing the organic acids produced.

Neither of these theories seems adequate to explain fully the data obtained

by the authors. Phagocytic activity undoubtedly occurs but not to such a

degree that the bacterial numbers were reduced below those of the controls.

The reaction of the Coipoda-Azotobacter cultures (pH 8.17) after 4 weeks was

decidedly more alkaline than that of the controls (pH 7.28) and even more

alkaline than that of the uninoculated media (pH 7.85).

Influence of pH. The great numbers of young active cells together with

the alkalinity of the media may explain the increased nitrogen fixation. To
learn whether this was the case, an experiment similar to the first was tried
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in which buffered and unbuffered media were used. Here Hartmanella hyalina

and Colpoda maupasii were used (table 2).

The important fact in this experiment is that although the protozoa are

able to render the medium alkaline in reaction they do not maintain an alkaline

reaction during the first week of incubation. Yet it is during this period that

fixation is most active in the protozoa-Azotobacter cultures. Hence it is

evident that Hirai and Hino^s explanation is not sufficient, since the optimum

pH for fixation“~-7.5“-(3) is reached subsequent to the intensive period of

fixation and is not maintained. On the other hand the pH of the controls is

TABLE 2

Numbers of protozoa and Azotobacter, pH, and nitrogen fixed in liquid medium at 24°C,

Initial pH of unbuffered medium 7.85

UNBUFFERED MEDIA BUFFERED MEDIA

7 days 16 days 7 days 16 days

Colpoda, 1000/cc 27.5 35 0.2 0.36

Amoebae, 1000/cc 9.5 11.2 2.2 4.8

Azotobacter, millions/cc.

Azotobacter cultures 31.6 27.7 49.3 49.9

Azotobacter-amoebae cultures 25.2
i

67.1 58.9 52.7

Azotobacter-Colpoda cultures 154.3 68.3 112.6 98.4

pH of:

Azotobacter cultures 7.25 7.10 7.35 7.28

Azotobacter-amoebae cultures 7.03 7.23 7.03 7.07

Azotobacter-Colpoda cultures 6.83 7.53 6.86 7,50

Nitrogen fixed, mgm.
Azotobacter cultures 1.2 2.1 1.8

1

3.0

Azotobacter-amoebae cultures 1.5 2.3 2.3 3.1

Azotobacter-Colpoda cultures 5.8 6.9 6.8 8.5

reduced very slowly, and if reaction were alone responsible for the fixation

more nitrogen should have been fixed in these cultures.

Influence of killed cultures. The fact that a few hundred Colpoda cells per

cubic centimeter in the buffered media were as effective in stimulating fixation

as many thousands of cells in the unbuffered media indicated that phagocytic

action was inadequate to explain the results and perhaps a substance necessary

in only traces was responsible. To test this theory small Erlenmeyer flasks

containing 25 cc. of liquid medium were inoculated with Azotobacter and in-

cubated until a good growth had developed. A Golpoda-Azotobacter culture

containing thousands of protozoan cells per cubic centimeter was heated at a
temperature of 65°C. for one-half hour and allowed to stand for 24 hours,

after which it was examined for living protozoa. Heating had killed both
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tropMc cells and cysts. Five cubic centimeters of the dead protozoan sus-

pension was introduced into one half of the flasks; the other half were kept as

controls. Other flasks received similar 5-cc. quantities of protozoan suspen-

sion and were analyzed for nitrogen, which was subtracted from the nitrogen

in the treated flasks. Triplicate determinations were made at the end of 4,

9, and 20 days. At the end of the fourth and ninth days additional 5-cc.

quantities of dead Colpoda suspension were added to each of the. treated flasks.

Careful inspection of the treated flasks showed no living Colpoda. Results

are reported in table 3. The pH values of the two sets of cultures, the controls

%- and the treated cultures, are the same; both decreased below the pH of the

uninoculated medium. The introduction of the dead protozoan suspension

had not prevented the pH from declining, yet it increased fixation. At the

end of the fourth and ninth days the ratio of nitrogen in the treated flasks to

the controls was 3 to 1. The ratio became narrower by the twentieth day,

however, primarily because of the earlier exhaustion of the maniiite in the

treated cultures. The results indicate that Colpoda maupasii may produce a

TABLE 3

Nitrogen fixed in the preseme and absence of heat-hilled suspension of Colpoda

Initial pH 7.85

AZOTOBACTEE ALONE AZOTOBACTEE AND DEAD COLPODA
SUSPENSION

4 days 9 days 20 days 4 days 9 days 20 days

Nitrogen fixed, mgm
pH of media

0.4 0.6

7.38

2.1 1.3 2.0

7.39

2.6

growth-promoting substance which is thermostable at 65 to 70°C. This

substance may accelerate ceil division, thus explaining the greater numbers of

Azotobacter cells found in many of the Colpoda-Azotobacter cultures. Rob-

ertson (34) presented evidence of the production of such a growth-promoting

substance by yeast, bacteria, and protozoa. Apparently mere traces of the

growth-accelerating substance are efiective, since the products of a few hundred

protozoa per cubic centimeter in the buffered medium were as effective as

several thousand cells in the unbuffered medium (table 2).

In addition to the foregoing, Seitz filtrates from living and heat-killed sus-

pensions were used in concentrations ranging from 0.02 to 5 cc. per 100 (tables

4 and 5). The stimulating substance either is not soluble or if soluble does

not readily pass through a Seitz filter, since in only one of several tests made

with filtrates was any stimulation observed. It is evident from the data that

the heat-killed suspensions in small concentrations (1 cc.) stimulate fixation

and cell division to as great a degree as the living cells. A majority of the

bacterial cells in such cultures have the characteristic appearance of young

cells. The stimulating substance is probably protein, as it does not pass
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through a Seitz filter. Greaves, Jones, and Anderson (17) found that nitrogen

fixation is stimulated by casein, albumen, and some amino acids. The great-

est stimulation occurred where casein was used, and after the casein was

washed the stimulation decreased.

TABLE 4

Nitrogen fixed and number of A zotobacter chroococcum when grown in the presence of heat-hilled

suspension and Seitz filtrate of Colpoda maupasii

COLPODA
i

SUSPEN-
SION
ADDED

BAC-
TERIAL
COUNT

NITRO-
GEN
PEXED

pH* MANNITE
CONSUME.

COLPODA
EXTRACT
ADDED

BACTERIAL
COUNT

NITRO-
GEN
PIXED

1

pH* 1

MANNITE
CONSUME,*

CC, millions msm. mgm. CC. millions mgm. i mgm.

Incubated at 30°C.

5 168 6.4 7.67 850 5 70 2.0 7.58 470

1
!

142 3.8 7.63 860 1 35
1

1.8 7.SS 700

0.2 56
1

3.8 7.35 870 0.2 1 64 1.6 7.44 610

0.02
1 75

1

3.8 7.52 860 0.02 105 1 2.0 7.42 580

i

!

Inoculated control 21 2.1 7.35 430

Incubated at 20°Cfi

5 191 5.7 7.34
!

860 5 48 2.4 7.36 770

1 173 3.3 7.45 870 1 30 2.3 7.37 580

0.2 143 3.7 7.30 890 0.2 42 2.4 7.10 670

0.02 106
i

3.4 7.27 840 0.02 42 2.2 7.17 690

Inoculated control 62 2.5 7.21 570

* Uninoculated control: pH 7.78, 1000 mgm. mannite.

TABLE 5

Number of A zotobacter chroococcum and quantity of nitrogen fixed in the presence of varying

quantities of heat-killed suspension and Seitz filtrate of Colpoda maupasii

PROTOZOAN MATERIAL ADDED

NITROGEN EDOED BAG-
'

TERIAL
COUNT
AFTER

i

34
I

DAYS
;

pH

7 days
18

days
24

days
34

days
7 days

18

days
24

days
34

days

mgm. mgm. mgm. mgm. millions

Inoculated control 1.8 1.5 1.8 2,2 26 7.35 6.00 7.30 6.95
1 cc. of filtrate. 2.8 3.1 4.7 5.2 72 6.75 6.95 7.15 7.03

5 cc. of filtrate 2.3 3.3 5.3 5.9 52 7.13 7.10 7.03 7.17

1 cc, of suspension 2.9 9.1 12.4 10.3 162 7.10 6.85 6.92 6.95
5 cc. of suspension 3.3 8.9 10.6 12.1 83 7.17 6.87 7.13 7.25
Protozoan-filtrate 8.50
Protozoan-suspension. . .

.

.

8.50
:

Proteins may act either as an absorbiog agent rendering iron more available

or they may carry vitamins or vitamin-like substances. When 200 cc. of a

Golpoda-Azotobacter culture was concentrated and ashed, even the addition

of 1 gm. of the ash failed to stimulate; hence, the stimulating factor is organic.
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Heat“killed cultures of Azotobacter or Seitz filtrate when added in varying

concentrations were without visible effect. The stimulating substance pro-

duced by the protozoa was inactivated by autoclaving for 2|- hours at IS

pounds. Hence we may conclude that the stimulating substance elaborated

by Colpoda maupasii is a complex organic substance heat-stable up to a certain

degree but inactivated by prolonged heating and that it stimulates nitrogen

fixation by causing the Azotobacter cells to reproduce more rapidly and over a

longer period.

In order to make sure that the coexisting organisms did not fix nitrogenj the

Colpoda were cultured for 14 days on heat-kiiied suspensions of Escherichia

coli and Aerohacter aerogefies. No nitrogen gains occurred, and no mannite

was used.

TABLE 6

Nitrogen fixed and numbers of Azotobacter developed in liquid medium at 24°C, in ike presence

and absentee offlagellates afid flagellate-ciliate cultures

COLPONEMA SVMMETRICA

10 days 16 days

Nitrogen fixed, mgm.
Azotobacter cultures 0.96 1.3

Azotobacter-flagellate cultures 1.57 1.9

Azotobacter-mixed protozoan cultures 5.1 6.3

Number of Azotobacter, millions/cc.

Azotobacter cultures 40.7 37.1

Azotobacter-flagellate cultures 56.1 20.1

Azotobacter-mixed protozoan cultures 101.5 200.7

In two other experiments similar in outline to those previously given, the

flagellate Colponema symmetrica and the ciliates Colpoda maupasii and Oxy-

tricha sp.? were used as coexistent organisms. The results, given in table 6,

show that the flagellate, like the amoeba, had little or no stimulating effect on

nitrogen fixation whereas the large ciliate had a definite stimulating influence

on both fixation and bacterial numbers.

Experiments on agar media

Agar plates were seeded with Azotobacter, and when a heavy growth ap-

peared small numbers of Colpoda maupasii And. Eartmanella hyalina weie

added. The plates were incubated at 20° to 30°C. in a moist chamber for 30

days. The results of three closely agreeing determinations are given in table

7. Both species of protozoa slightly increased nitrogen fixation. In many
areas on the plates the surface bacterial growth disappeared completely, and

in 1 week many of the protozoa were in a cystic condition.
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Experiments in sand culture

Two triplicate experiments were conducted in which the organisms were

grown in Petri plates containing sand. The coexistent organisms were

Colpoda maupasii, Hartmanella hyalina, Colponema symmetrica. At the end

of the incubation period the surfaces of the cultures containing the protozoa

TABLE 7

Nitrogenfixed and numbers of organisms developed on agar media in the presence of Hartmanella

and Colpoda

'

AT 20® AT 30®

7 days 30 days 7 days 30 days

Nitrogen fixed, mgm./25 cc.

Azotobacter cultures 2.0 2.5 2.9 5.2

Azotobacter-Colpoda cultures 3.0 3.6 4.6 5.8

Azotobacter-amoebae cultures 2.6 2.7 2.9 5.6

Azotobacter, millions, /cc.

Azotobacter cultures 285.2 259.7

Azotobacter-Colpoda cultures 282.0 95.3

Azotobacter-amoebae cultures
1

204.3 323.0

1

Amoebae, thousands/cc 76.1 255.3

Colpoda, thousands/cc 179.7 205.4

TABLE 8

Nitrogen fixed, mannite consumed, and number of bacteria and the pH developed in sand cultures

at24°C,

CULTITRES

INCUBATED TOR 25 DAYS* INCUBATED TOR 35 DAYS*

Bacteria N fixed N fixed
Mannite
consumed

pH of

medium

millions/cc. mgm. mgm. mgm.

Azotobacter 97.85 4.78 2.7 332.2 7.68

Azotobacter-amoebae 13.87 4.19 3.5 369.2 7.77

Azotobacter-Colpoda 80.52 6.17 4.0 569.5 7.55

Azotobacter-flagellate 78.73 7.49 3.7 502.5 7.45

’‘'The 25- and 3S-day periods represent two distinct experiments.

were orange-brown, whereas the control cultures showed only slight dis-

coloration. Data obtained are given in table 8.

The protozoa caused a nitrogen increase of approximately 25 to 35 per cent,

the greatest increase occurring in the presence of the ciliates and flagellates.

Bacterial numbers were highest in the control and agree fairly well with the

results obtained on agar media. The protozoan counts were 10,000 Colpo-

nema, 7,500 Colpoda, and 5,000 amoebae per cubic centimeter.

In a second sand experiment lasting 25 days the amoebae depressed nitro-
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gen fixatioHj and the ciliates and flagellates stimulated nitrogen fixation to an

even greater extent. Mannite consumption was substaiitiaMy greater, with

the exception of the amoebae cultures, in the presence of the protozoa than

in the controls. The pH of the medium at the beginning was 7.75. The pH
of the control cultures was reduced slightly, that of the amoebae-Azotobacter

cultures not at all, and that of the Colpoda-Azotobacter cultures to a greater

extent than the controls. In the flagellate-Azotobacter cultures the surface

growth was purple-black, whereas in the controls only a slight yellow-orange

color appeared. Protozoan numbers in aU cases were 10,000 or more per gram.

TABLE 9

Nitrogen fixed and the number of Azotohacter and protozoa developed in unmammd soil with and

without mantiite after 38 days at 24°C.

SOIL AND M.WN1TE SOIL ALONE

1 w. h. c3 § w. h, c. 1 w. h. c. 1 w. h, c.

Nitrogen fixed, mgm./lOO gm. of soil

Azotohacter cultures ^ 3.8 10.1 4.4 5.4

Azotobacter-amoebae cultures 1 9.1 12.1 3.4 1.2

Azotobacter-Colpoda cultures 7.9 10.1 5.5 6.7

Azotohacter, millions/gm.

Azotohacter cultures 261 612 202 293

Azotobacter-amoebae cultures 255 484 218 186

Azotobacter-Colpoda cultures 319 468 325 176

Protozoa, thousands/gm.

Amoebae 5.0 5.0 0.0 0.25

Colpoda 10.0 5.0 10.0 1.0

* w. h. c. = water-holding capacity.

Experiments in soil

Several experiments were conducted in sterilized soils of varying moisture

and organic matter content. The organisms were cultured in the natural soil

and in soil to which 1 per cent of mannite had been added. Cutler and Dixon

(10) have found that | to | water-holding capacity is adequate soil moisture

for trophic existence of the ciliates and that organic matter encourages pro-

tozoan activity.

In the first experiment unmanured soil from the Greenville experimental

farm containing 1 per cent organic matter was used. Soil moisture was main-

tained at water-holding capacity and at I water-holding capacity. Sari-

manella hyalina and Colpoda maupasii were used as coexistent organisms.

They were incubated 38 days, after which nitrogen and numbers of microor-

ganisms were determined (table 9). Because of the large quantity of organic

matter in the soil which had been rendered available to the Azotohacter by the
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7-liour sterilization at 117°C., nitrogen fixation was high in the soil without

mannite. It was generally increased by Colpoda, though not to the same

extent as in liquid media. The higher moisture content apparently favored

TABLE 10

Nitrogen fixed and the mmher of Azotohacter and protozoa after an incubation period of 15 days

at in manured soil at two-thirds water-holding capacity

sou. AND MANNITE SOIL ALONE

Tumblers Plates Tumblers Plates

Nitrogen fixed, mgm./lOO gm. of soil

Azotobacter cultures 8.2 12.1 2.0 2.4

Azotobacter-Colpoda cultures 15.4 7.3 6.1 2.4

Azotobacter-fiagellate cultures. 6.1 9.2 1.0 5.4

Azotobacter, millions/gm.

Azotobacter cultures. 745 745 190

Azotobacter-Colpoda cultures 845 2195 1 140 185

Azotobacter-fllageilate cultures 700 1130 315 405

Colpoda, thousands/gm 10.0 10.0 10.0 10.0

TABLE 11

Nitrogen fixedf number of Azotohacter
^
and the pH after 27 days at 24°C. in manured and

unmanured soil at two-thirds water-holding capacity

MANURED SOIL UNMANUEED SOIL

Soil and mannite Soil alone
Soil and
mannite

Soil

alone

Tumblers Plates Tumblers Plates Tumblers Tumblers

Nitrogen fixed, mgm.
Azotobacter cultures 5.10 11.5 3.8 3.9 8.50 4.50

Azotobacter-Colpoda cultures 10.19 19.35 3.5 7.5 11.15 8.69

Azotobacter-amoebae cultures 10.14 18.5 3.4 5.1 10.00
1

4.34

Azotobacter-flagellate cultures. ..... .

.

14.44 19.7 3.1 4.0 18.72

pH of:
i

Unboculated soils 7.45 7.20 7.75 7.55 7.75

Azotobacter cultures. 7.65 7.40 7.70 7.45 7.70 7.90

Azotobacter-Colpoda cultures 7.77 7.40 7.50 7:. 55 7.70 7.85

Azotobacter-amoebae cultures 7.75 7.25 7.70 7.80

Azotobacter-flageEate cultures 7.70 7.50 7.80 7.65 7.80
1

Colpoda, but because of anaerobic conditions it was less favorable for nitrogen

fixation. The amoebae, unlike the Colpoda, increased nitrogen fixation in

both soil moistures in the presence of mannite but depressed fixation in the

absence of mannite. The higher moisture content is unfavorable to the bae-
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teria. . The Colpoda-Azotobacter cultures contained greater numbers of bac-

teria than the controls at water-holding capacity both in .the presence and in

the absence of maiinitej and at the lower water content the numbers were

greater in the controls. This is in keeping with the findings of Greaves and

Carter (15) as to the water requirements of Azotobacter. The amoebae, as

in many of the other experiments, reduced bacterial numbers below that of

the controls.

Another soil was used w'hich contained 3 per cent of organic matter, as

determined by the Schollenberger method. The moisture was adjusted to

I water-holding capacity, as a compromise between unit capacity, more favor-

able to the protozoa, and J the capacity, more favorable to the Azotobacter.

Colpoda and Colponema were the coexistent organisms. Large Petri plates

and tumblers were used. The results are reported in table 10. Stimulation

of nitrogen fixation by Colpoda was positive both in the presence and in the

absence of mannite in the tumblers, 'whereas only the flagellates caused an

increase in the plate cultures. Although mannite influenced fixation, humus
had little effect. Azotobacter numbers in the soils containing mannite in the

Colpoda-Azotobacter cultures w^'ere higher than in the controls.

Both of the previous experiments were repeated with soil cultures of known
pH. Colpoda maupasii^ Eartmanella kyalina^ and Colponema symmetrica

were used as the coexistent organisms. Results are given in table 11. Nitro-

gen fixation in the Azotobacter-protozoa cultures containing mannite was

decidedly stimulated in all cases, irrespective of the kind of soil. The Azo-

tobacter organisms without an available energy supply were not able to main-

tain themselves in the face of the phagocytic activity of the protozoa. The

numbers of bacteria were substantially greater in both the tumbler and the

plate cultures containing mannite in the presence of the protozoa than they

were in the controls. The reactions of the cultures were not visibly different,

probably because of the highly buffered soils used. Fedorowa-Winogradowa

(13), however, has noticed that some soil cultures containing protozoa became

more alkaline.

DISCUSSION

Previous theories concerning the mechanism by which protozoa stimulate

nitrogen fixation, namely, the phagocytic theory of Cutler et al. and the dis-

junctive symbiotic theory of Hirai and Hino, are not adequate to explain the

results obtained in these experiments. The larger numbers of Azotobacter

cells found in the presence of the protozoa and the inability of the protozoa to

maintain an optimum reaction for the Azotobacter during the most intense

period of fixation point to some other factor or perhaps factors responsible for

the stimulation. The fact that killed suspensions of protozoa wiU also stimu-

late fixation and cell division in Azotobacter points to a nutritional factor

.

Moreover the fact that relatively small concentrations of the material are

adequate for stimulation indicates that the substance may be enzymatic or
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vitaminlike in nature. Certainly it is organic and complexj for the charred

material or a Seitz filtrate is without effect.

Cutler and Bal (9) found that amoebae, as a rule, exert less stimulation on

Azotobacter than do the dilates, and may even fail to exert any stimulation.

Fedorowa-Winogradowa (13) found 37 per cent increase in nitrogen fixation

due to amoebae. Previous to our investigation, no study of flagellates in

connection with nitrogen fiixation is known. Kubiena (24), Sandon (37 , 38) and

others (7, 26, 27) have demonstrated that ciliates are active in field soils that

are sufficiently moist to support most crops. Ciliates are not numerous in the

soil, but the fact that they need be present in only small numbers to cause

stimulation may be significant.

The results as to nitrogen fixation corroborate those reported by Cutler

(9) and co-workers (29), Hirai and Hino (21), Fedorowa-Winogradowa (13),

Lander (25), and Hill (20).

Especially significant is the fact that the protozoa stimulate nitrogen fixation

markedly in the soil itself, provided the bacteria have a sufficient supply of

energy material. Although sterilized soil, which differs from natural soils

with their myriads of competing organisms, was used as a culture medium,

nevertheless the results indicate that some protozoa, under proper conditions,

may increase nitrogen fixation in natural soils.

SUMMARY

Azotobacter chroococcum was cultured in sand, soil, agar, and liquid media

together with various species of bacteria-free protozoa to determine the effect

of these organisms on nitrogen fixation.

The protozoa generally stimulated nitrogen fixation. The greatest stimu-

lation was obtained in liquid media using ciliates as the coexistent organisms.

Very little stimulation of nitrogen fixation was obtained on agar media; in

many cases nitrogen fixation was depressed. Stimulation was slight but

definite in sand culture in the presence of ciliates, flagellates, and amoebae.

Nitrogen fixation was stimulated by four coexistent species of protozoa in soil

cultures containing mannite, but in many instances it was depressed in soil

without mannite.

In both liquid and soil media, Azotobacter were more numerous in the

presence of the protozoa than in their absence. The cells in the Azotobacter-

protozoa cultures were relatively small and stained deeply, and the pellicles

were extremely thick and leathery.

The ciliates (Colpoda and Oxytricha), and the flagellates and amoebae to a

less degree, produce a substance which favors Azotobacter. Suspensions of

Golpoda, heat-killed at 6S°C. for one-half hour, when introduced into Azoto-

bacter cultures in small amounts, stimulated nitrogen fixation in a manner
similar to that of the living protozoan cells. This substance, which is not
destroyed by low heat but is inactivated by prolonged heating in the auto-

clave, need be present in only minute quantities, since the presence of a few
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hundred cells per cubic centimeter is sufficient tO' bring about' stimulation

equivalent to that of 20 to 40 thousand protozoan cells per cubic centimeter.

Seitz filtrates of the substance have no stimulating effect, indicating that the

substance may be an organic colloid held back by the filter.
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As is well known, the degree of Na saturation and the concentration and

specific kind of soluble salts present in alkali soils are extremely variable. The

pH of such soils is commonly above 7.0, sometimes markedly so, and the clay

is often found to be highly dispersed. Although alkali soils have been exten-

sively investigated, but little is known about their colloidal constituents.

The conditions which prevail in these soils might conceivably bring about

some alteration in the clay that was present before the soluble salts accu-

mulated, or else the conditions might exert a modifying influence on the forma-

tion of clay. On the other hand, the effects of the alkali condition may be

limited to the replacement of ions from the surface of soil particles, alterations

in pH, and dispersion of the clay, the last named being the usual result of

replacement of divalent cations by Na.

In 1937, Antipov-Karataev and Sedletzky^ (2) announced the synthesis of a

new clay mineral which they named ^^gedroizite,” in honor of the late K. K.

Gedroiz. Recently Sedletzky reported that gedroizite is the chief component

of the 0.2-2.0 yL colloid of the horizon of certain Russian alkali soils which

show the so-called solonetz morphology (19). On the other hand, colloidal

particles of this horizon less than 0.2 fx in diameter were found to be mont-

morillonitic. Since he found that the very thin eluvial horizon (O.O-O.S cm.)

above the solonetz horizon, and also the materials below this horizon, contain

not gedroizite, but montmoriUonite, Sedletzky concluded that the peculiar

chemical conditions which prevail within the solonetz horizon (high pH and

Na saturation) are responsible for the formation of gedroizite. In contrast

to the solonetz horizon of alkali soils, Sedletzky (18) found tiiat the clays of

several Russian saline soils are most commonly montmorillonitic in type,

although he reported other clay minerals in certain samples.

SOILS STUDIEB

The soils used in this investigation were drawn from several different locali-

ties in western United States. Since the profile of American alkali soils is,

with minor exceptions, only feebly developed, the samples were taken to a

depth of 12 inches, except as otherwise stated. The majority of the soils

^ Also spelled Sedleddj.

101
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used contain substantial amounts of soluble Na salts, seven of the following

being of the black-aikali type, and three of the white-alkali type:

1 [19012p. Fresno fine sandy loam, 0-12 inches, taken 9 miles southwest o£ Fresno,

California. The alkali condition of this soil developed between 1900 and 1920, when, be-

cause of a high water table which existed during that period, soluble salts rose by capillarity

from the deep subsoil. The soluble salts consist of NaCl, ]Sra2S04, and Na2C03. This soil

is alluvial, derived largely from granite.

2 [19013]. Fresno fine sandy loam, 0-12 inches, similar to sample 1, taken from a nearby

gypsum-treated plot of the alkali-reclamation experimental area of the University of Cali-

fornia. The reclamation of this plot has been completely effective, all apparent evidences of

the previous alkali conditions having been obliterated by the gypsum treatment.

3 [7925]. Imperial clay, 0-12 inches, taken from a virgin soil area in the Imperial Valley,

3 miles west of Imperial, California.

4 [7926]. Holtville clay, 0-12 inches, taken from a virgin soil area in the Imperial Valley,

1 mile north of Seeley, California.

5 [18218], Holtville clay loam, 0-12 inches, taken from a previously cultivated area in

the Imperial Valley, 3 miles east of El Centro, California.

Samples 3, 4, and 5 contain high concentrations of NaCl, Na2S04, and CaS04, and also

considerable MgCb and MgS04. They are typical white-alkali soils, such as occur in many

places in the Imperial Valley of California. These soils are alluvial, derived chiefly from

shales and sandstones,

6 [8461]. Rosamond clay, 0-| inch, taken from a dry lake bed in the Mojave Desert

about 15 miles northeast of Lancaster, California. This sample represents very recent

alluvium, such as is washed into certain shallow basins in the Mojave Desert by the occasional

heavy rains which fall there. It contains only moderately high concentrations of NaCl
and Na2C03. The clay was probably derived chiefly from the surrounding black-alkali-

soil areas across which the streams flow in passing to the lake bed. The surrounding soils

are alluvial, derived chiefly from granite, but partly from basic rocks, shales, and sandstones.

7 [5695]. Fallon silt loam, 0-12 inches, taken near Fallon, Nevada. This soil contains

relatively low concentrations of soluble Na salts and is extremely dispersed. It is an alluvial

black-alkali soil, derived chiefly from granite.

8 [7081]. Unnamed silt loam, 0-12 inches, taken near Ontario, Oregon, from an area of

virgin soil adjacent to the Vale alkali-reclamation experiment of the Oregon Agricultural

College. This sample represents an extreme type of virgin black-alkali soil. It contains an

unusual combination of soluble Na salts (10) and is alluvial from eruptive rocks.

9 [15607]. Sunrise silty clay, 0-12 inches, taken from Sec. 20, T 1 N, R 4 E, near Salt

River, about 1 mile from Tempe, Arizona. This soil contains considerable NaCl, Na2S04,

and Na2COs. It is an alluvial black-alkali soil derived chiefly from granite.

10 [15577]. Unnamed clay loam, 0-12 inches, taken from Sec. 32, T 10 N, R 3 W, of the

Corinne Drainage District about 11 miles west of Brigham City, Utah. This sample con-

tains considerable NaCl and Na2C03. The area sampled was formerly submerged by Lake
Bonneville, but the surface-soil materials were probably laid down since the lake receded

from this area. The alluvium was probably derived from a variety of rock formations,

among which are the calcareous sandstones of the Salt Lake Formation and the limestone,

dolomitic limestone, and shales of the Wasatch Mountains.

11-15. Solonetz soils, description and discussion of which are deferred to the section

“Solonetz colioids.^^

2 With the exception of sample 15, the soils used in this work were selected from the large

series of soil samples of the Citrus Experiment Station. The bracketed numbers given are

the Citrus Experiment Station laboratory numbers of these samples.



COLLOIDAL CONSTITUENTS OE ALKALI SOILS 103

The coUoids were separated from the coarser soil materials of the samples

by sedimentation so adjusted as to secure particles of 1 /i maximum diameter.

The clay suspensions were filtered through Chamberland-Pasteur tubes, after

which the colloids were dried at room temperature, then passed through a

60-mesh sieve.^ In the air-dry form these colloids were gra^dsh white and

low in organic matter. Samples 3, 4, and 5 were artificially saturated

with Ca by leaching with a normal solution of Ca acetate. All other samples

were analyzed without chemical treatment.

CHEMICAL ANALYSIS

Table 1 gives the results of fusion analysis of these colloids. The data

show that these alliali-soil colloids differ from the other soil colloids previously

TABLE 1

Chemical analysis of alkali-soil colloids

%
B w

gg
SlOz AlaOs FesOj TiOa MnO P2O6 CaO MgO K2O NasO SOa CO2 H2O TOTAL

per
cent

per
cent

per
cent

per
cent

per
cent

per
cent

per
cent

per

;

cent

per
cent

per
cent

per
cent

per
cent

per
cent

per cent

1 50.55 17.59 8,82 0.86 0.10 0.10 2.63
1
4.34 3.84 2.04 0.07 0.63 9.13 100.70

2 53.56 16.98 8.80 0 . 85 : 0.09 0.10 2.15 ^ 3.46 3.76 2,01 0.07 '0.08 8.60 100.51

3 51.20 19.30 6.51 0.76 0 .05 i 0.09 1.70 3.71
1

3.06 0.39 0.02 0 14.00 100,79

4 50.22 18.47 6.57 0.66 0.071 0.26 2.02 3.90
1

2.48 0.32 0.06 0 44 . 64 ' 99.67

5 50.12 18.36 6. 65 0.66 0.08 0.30 1.63 3.73 2.53 0.28 0.02 0 14 . 91
'

99.27

6 41.72 15.23 8.20 0.63 0.11 0.48 5 . 22 i 6.73 2 . 62
i

2.91 0.0313.65 I1O.88 98.41

7 49.36 15.57 7.02 0.82 0.36 0.32 6.02 1.71 2.81 1.94 0.08 3.42 10.58 100.01

8 57.50 11.72 6.76 0.82 0.34 0.30 3.72 0,71 2.64 2.48 0.06 2.27 11.79 101.11

9 44.57 14.92 6.38 0.65 0.31 0.38 6.89 1.74 3.07 1.49 0.07 7 . 42
^

9.67 97.56

10 44.15 13.30 4.72 0.56 0.20 0.30 10.98 4.26 3.65 0.92 0.06 8.13 9.40 100.63

investigated by this laboratory (11 ,
12) in that their content of Si02 and CaO

is relatively high. The results reported in table 2
,
together with those of

Brown and Byers (3), suggest that relatively high Si02 is characteristic of the

colloids of dry-land soils generally. The exceptionally high CaO content of

samples 6 to 10, inclusive, was undoubtedly due largely to CaCOg. The MgO
content was variable, being unusually low in sample 8 from Oregon, and very

high in sample 6 from the Mojave Desert. The K2O content was of the same

order of magnitude as that in colloids from nonaikali, dry-land soils (3).

The black-alkaii-soil colloids were found to contain more or less carbonate

(CO2). As will be shown in the x-ray section of this paper, calcite is a con-

stituent of these colloids. Samples 6, 9, and 10, however, must also contain

® Thanks are extended to S. M. Brown for separating ah the colloids reported herein except

no. IS.
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small amounts of some other carbonate, since the CaO equivalent of the CO2

found exceeds the total CaO of these samples.

.Artificial Ca saturation of colloids, 3, 4, and 5 may have reduced their

content of Na, but this is not the main reason for their low content of Na20.

It is more probable that the type of alluvium deposited in the Imperial Valley

was low in insoluble Na originally. Most of the other samples were from

soils which have been derived from very different types of alluvium.

Silica-sesquioxide ratios

As shown in table 2, these colloids are characterized by high Si02/Al203

and Si02/R203 ratios, the former being well above 4 in all cases and extra-

ordinarily high—8.34~~in sample 8. The soil from which this later colloid

TABLE 2

Molecular ratios and exchangeable bases of alhali-soil colloids

XABOKATOKY 1 Si02 SiOa EXCHANGE- BASE-EX-
CHANGE CAPAC-

ITY

Na SATUKA- pH OF ORIGINAL
NtFMBES AlaOs R2O3

1

ABLE Na TION SOIL

1 4.88 3.70

m.e.

7.6

m.e,

25.7

per cent

29.5 10.25

2 5.37 4.03 1.2 26.1 4.6 8.70

3 4.51 3.71 0 42.7 0 8.05

4 . 4.55
:

3.72 0
1

46.9 0 8.10

5 4,56 3.72 0 49.9 ^ 0 8.50

6 4.51 3.35 46.8* 33.9 100.0 9.65

7 5.39 4.18 2.3 37.5 6.1 9.40

8 8.34 6.10 50.4 58.4 86.3
1

10.85

9 5.07 3.99 13,2 34.3 38.5 9.15

10 5.64 4.61 19.6 26.1
1

75.1 9.50

* THs sample is peculiar in that the exchangeable Na apparently exceeds the base-

exchange capacity. This was probably due to solubility effects.

was separated was previously shown to contain unusual amounts of soluble

silicate (10). This colloid probably contains considerable colloidal Si02.

Brown and Byers (3) also found high Si02/Al203 ratios for the colloids of

certain dryland soils; these, however, were probably not alkali soils.

Base-exchange capacity and replaceable Na

The base-exchange capacity of these colloids (determined by the NHracetate
method) varied from 25.7 to 58.4 m.e. It is noteworthy that, whereas col-

loids 3, 4, and 5, which as shown in the x-ray section of this paper are mont-
morilonitic, are intermediate in base-exchange capacity, sample 8, from Vale,

Oregon, the highest found in base-exchange capacity, gave no x-ray evidence

of montmorillonite. Recently it was shown (12) that the kaolinitic Vina
colloid is also high in base-exchange capacity. Again it is shown that the
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relation between base-exclaange capacity and Si02/Ai203 ratio is not always

close. Several different Si- and Ai-containing constituents of variable com-

position and variable base-exchange povrer were probably present in different

proportions in these colloids. It is possible that an unusual part of the, total

base-exchange capacity of colloid 8 from Oregon was due to amorphous

material.

As shown in table 2, the percentage Na saturation varied widely in these

colloids. Samples 6, 8, and 10 are highly saturated with Na, whereas sample 7

contains but little replaceable Na. The low content of exchangeable Na in

sample 2 w^as due to the artificial application of gypsum previously referred to;

Fig. 1. Dehydration Curves of Recently Formed Black-Alkali-Soil Colloids from
Fresno, California

the high concentration of soluble Ca and Mg present in soils 3, 4, and S prob-

ably prevented the natural absorption of very much Na by the colloids of

these soils, and that which was absorbed was removed artificially by Ca
saturation in the laboratory.

DEHYDRATION INVESTIGATIONS

The colloid samples were first brought to equilibrium with the atmosphere

above a 50 per cent solution of H2SO4 at 2S°C., then heated to constant

weight at 50° intervals of temperatures up to 800°C. The losses in weight

were plotted against temperature. Figure 1 gives the results for samples i

and 2, which are from the black-alkali soil of Fresno, California. Figure 2

refers to the white-alkali-soil colloids 3, 4, and 5. These latter curves closely
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approximate the curve for the Yolo-soil colloid (12), which is composed largely

of montmorillonitic clay; as will be shown later, these white-alkali-soil colloids

also contain montmorillonite. As the curves show, the low-temperature water

of the white-alhali-soil colloids (fig. 2) is considerably greater than that of the

black-alkali-soil colloids (figs. 1 and 3), which contain very little montmoril-

lonite. As Kelley, Jenny, and Brown (9) showed, the loss of a high percentage

Fig. 2. Dehydration Curves oe White-Alkali-Soil Colloids from Imperial Valley,

California

of its total water content at 150°C. appears to be characteristic of mont-
morillonite.

The dehydration curves of black-alkali-soil colloids 6 to 10 (fig. 3) are very

different in shape. They show pronounced breaks beginning just above 400°C.

This would ordinarily indicate kaolinitic material, but the x-ray evidence fails

to support this indication. Much of the loss in weight beginning at approxi-

mately 400® was probably due to the evolution of CO2 from CaCOs. In fact,

these samples sustained losses in weight between 400® and 500° approximately
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equivalent to carbonate content, although decarboiiation of, CaCOs norma,lly

requires
' a higher temperature. As will be shown later, the x-ray measure-

ments indicate that the calcite of these samples was largely decomposed at

500®C. It is possible that crystallnie calcite, when in particles of colloidal

Fig. 3. Dehydration Curves of Natural Black-Alkali-Soil Colloids from Various

States

6, Mojave Desert; 7, Fallon, Nevada; 8, Vale, Oregon; 9, Salt River Valley, Arizona; 10,

Corinne Drainage District, Utah

size, gives up CO2 at a somewhat lower temperature than does ordinary calcite.

It is also possible that coUoidai CaCOs reacted at elevated temperatures with

some other constituent of the samples with the consequent loss of CO2 .

X-RAY INVESTIGATIONS

The colloids were x-rayed in two forms, namely, air-dried and after being

heated to constant weight at SOO'^C. By this means it is possible more defi-
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nitely to interpret the x-ray films, as was discussed in a previous paper

X-ray diffraction patterns were obtained by packing the colloids in thin-

walled soft-glass tubes of about 0.4 mm. diameter and exposing them to K a

molybdenum radiation filtered through a zirconium oxide screen. It was at

once apparent from the x-ray films that the mineral composition of these

alkali-soil colloids is different in certain respects from that of the nonalkali-soii

TABLE 3

Theoretical interplanar spacings for calcite

SPACING d INTENSITY* MILLEK INDEXES

i.

3.85 V.W. (110)

3.03 v.s. (112)

2.49 w-m. (110)

2.28 m. (120)

2.09 m. (200)

1.92 m.s. (220)

1.87 m.s. (123)

1.61 m.
1

(133)

1.52
,

m. (130)

1.47
i

w. (230)

1.45 m. (344)

1.42 w. (444)

1.34 v.w. (124)

1,292 w. (134)

1.25 v.w. (335)

1.23 v.w (345)

1.175 w. (235)

1.153 w. (144)

1.045 w. (400)

1.013 v.w. (334)

.960 v.w. (440)

.942 v.w.
1

....

Symbolsfor the relative intensities of the x-ray reflections: v.s. — very strong; s. = strong;

m.s. “ medium strong; m. = medium; w-m. — weak to medium; w. ~ weak; v.w. == very
weak; v.v.w. = very, very weak; tr. = trace; ? = doubtful

colloids which were examined previously in this laboratory. Though the

clay minerals found in normal soils; namely, kaolinitic, montmorillonitic, and
micalike clays were also found in these soils, a considerable number of lines

which have not been reported for normal-soil colloids were noted on the films.

As pointed out already, the chemical analyses (table 1) showed the presence

of considerable Ga and COs in some of the samples, and this suggested that

crystalline calcite might be present. A comparison of the x-ray fiilms with

^ Referred to in a previous paper (12) as illite or x-mineraL
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those produced both by ground calcite and by precipitated CaCOg showed

that a number of lines were common to all of them. Accordingly, a set of

reference spacings was calculated for calcite using the established hexagonal

unit cell with a = 6.36A. and (21, p. 273). These are listed .in table 3.

Those used for the identification of the clay minerals and quartz were pub-

lished in a previous paper (12, table 20).

Tables 4, 5, ba, and 6b show the values of all the interplaiiar spaci.ngs that

could be measured with certainty, together with visual estimates of the rela-

tive intensities of the x-ray lines. The first column of each table presents

letters indicating the mineral that might have produced the opposite spacing.

With such heterogeneous material, the significance of any single spacing must

be accepted with caution. It was found convenient to segregate the data into

four tables corresponding to the natural groups into which these colloids fall.

White-alkali-soil colloids

The x-ray patterns of the white-alkali-soil colloids (table 4) do not differ

greatly from those of previously studied colloids from certain nonalkali soils.

There is evidence in these samples of montmoriUonitic, kaolinitic, and micalike

clay minerals, as well as quartz. Also a number of unidentified lines were

noted. MontmoriUonite was indicated by the i5--16A. spacing in all three

of the unheated samples, and by the lOA. spacing after heating to 500®C.

The intensity of the line corresponding to this spacing in the heated material

may have been partly contributed to by the micalike clay, the presence of

which was clearly indicated by the medium to strong 2.57--2.60A. spacing.

This idea is not necessarily contradicted by the absence of a lOA. line in the

patterns of the unheated materials, since the micalike clay usually gives a weak

lOA. line. Two of the samples contain some kaolinitic material, as shown by

the 7.0A. line which disappeared on heating. Quartz is strongly indicated by

six definite quartz lines in all three samples.

In addition to the spacings which appear to be definitely related to the afore-

named minerals, the patterns of the white-alkali-soil colloids contain a number

of lines that we have thus far been unable to assign to any known mineral.

Especially conspicuous among these is a group of narrow spacings (below

1.23A.), which are not usually observed in normal soil colloids. Some of

these spacings are close to those of calcite, but calcite is definitely absent

from these samples, as shown by chemical analysis and also by the absence

of a very strong 3.03A. line. In a further attempt to discover what crystal-

iine constituent was responsible for the unidentified lines, attention has been

given to the possibility that some mineral related to the synthetic gedroi-

zite, referred to by Antipov-Karataev and Sedletzky (2) and by Sedletzky

(19), may have been present. It appears from Sedletzky^s discussion that

gedroizite occurs in those horizons of alkali soils which show the soionetz

morphology and which are high in pH and exchangeable Na and comparatively

low in soluble salts. It is more likely, therefore, to be found in black-alkali
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soils than in white-alkali soils. The x-ray pattern of gedroizite, as given

by Sedletzky, however, [shows a number of narrow spacings similar to

TABLE 4

InletpldfidT spdcingsfot whiie-olkali-soU colloids

MINERALS*

3 4 5

Air-dried Heated to 500" Air-dried Heated to 500" Air-dried Heated to 500"

i. A. i. i. i. i.

M 16.5 w. 15.2 w. 15.5 s.

MI 10.0 v.w. 10.0 w. 10.0 v.w.

K 7.0 v.w. 7.2 w.

M(U) 5.4 w. 5.1 v.w. 5.4 m.

u 4.6 s. 4.6 s.

MI 4,5 s. 4.5 s. 4.5 s. 4.5 s. 4.5 s. 4.5 s.

Q 4.2 v.w.

I 3.85 w. 3.70 v.v.w. 3.70 w. 3.7 v.w.

u 3.37 s. 3.38 v.w

Q 3.32 s. 3.35 s. 3.35 v.s. 3.35 v.s. 3.35 v.s. 3.35 v.s.

I 2.87 w.

IMK 2.57 s. 2.57 m. 2.57 m. 2.57 s. 2.58 v.s. 2.57 v.s.

K ' 2.49 w.

Q 2.45 w. 2.45 m. 2.47 V.W. 2.45 w. 2.47 w. 2.45 w.

Q 2.28 w. 2.27 m.s. 2.27 v.w. 2.28 v.w. 2.27 v.w.

IM 2.25 w.

1 2 . 13 w. 2.11 w. 2 . 15 v.w. 2 . 15 v.w. 2.15 v.w.

I 1.98 m. 1.97 w. 2.01 v.w. 2.02 w. 1.99 v.w.
i

1.99 v.w.

Q 1.81 m. 1.81 s. 1.82 w. 1.82 w. 1.81 m. 1.81 m.

M 1.71 w. 1.71 m. 1.70 w. 1.70 w. 1.71 w. 1.73 w-m.

Q
!

1,67 w. 1.67 m. 1 . 66 w. 1.66 w. 1.65 w.

Q
I

1.54 w. 1.54 m. 1.55 w. 1.55 w. 1.57 w-m.

IM 1.50 v.s. 1.50 v.s. 1.50 s. 1.51 m.s. 1.50 s. 1.50 w.

KU i 1.45 v.w. 1.46 w. 1.46 w. 1.46 v.w. 1.46 v.w.

Q 1.38 s. 1.375 v.s. 1.38 w. 1.38 m.s. 1 .37 m. 1.38 m.

M 1.31 m.s. 1.31 s. 1.30 w. 1.31 w.

I 1.29 w. 1.29 w. 1.29 m. 1.29 m.

M 1.25 w. 1.26 w. 1.26 w. 1.26 m. 1.25 w-m. 1.26 m.

U 1.20 v.w. 1.20 w.

U 1 . 18 v.w. 1.18 w. 1.185 v.w.

V 1.08 v.w. 1.145 v.w.

u 1.06 v.w.

: u 1.01 v.w.

u 0.99 v.w.

* Symbols for minerals: C calcite; I == micalike clay mineral; K = Kaoiinite; M =
montmoriUonite; Q = quartz; U = unidentified mineral. These letters signify that the

particular line in the pattern might be due to the indicated mineral, not that the presence of

the mineral is necessarily established by the line.

See footnote table 3 for explanation of intensity symbols.

those observed in these white-alkali soil colloids. This fact made it desir-

able to compare the x-ray data with those given for gedroizite.

In the text Sedletzky stated that the most characteristic spacings for gedroi-
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zite are 3.69A.J 3.21A.J L60A., and 1.02A., but it is to be noted that only

two of these lines are. given the same numerical values in his tabulated list (19).

Only one line in the reference list, namely, the 3.21A., is claimed to be strong.

Ten lines are designated as medium, and they include the 1.02A. line and two

that are fairly close to the 3.69A. and l.dOA. lines. Since crystal-structure

analysis has not been made on Sedletzky’s synthetic product, there is no

certainty that the series of lines reported by him were produced by a single

homogeneous mineral. The optical data and other evidences given by him
suggest rather strongly that his preparation was decidedly heterogeneous.

Until this material can be shown to be a homogeneous crystalline individual

and some plausible unit cell consistent with the available data can be assigned

to it, a reliable set of reference spacings cannot be said to be established.

In spite of these uncertainties, however, it is instructive to compare the

unidentified spacings of the white-alkali-soil colloids with those reported for

gedroizite. Among the narrower spacings, there is reasonably close agreement

with Sedletzky’s list. Since within the range under consideration, Sedietzky’s

list covers many spacings separated by narrow steps which little more than

span the experimental error of measurement, the agreement found might be

fortuitous and without interpretative significance. The wider unidentified

spacings given by these colloids have no counterpart in Sedletzky’s list.

Especially significant is the complete absence of any spacing closely approach-

ing the 3.21A. line which Sedletzky reported to be outstandingly strong in the

gedroizite pattern. There appears to be no good evidence, therefore, that

gedroizite is a constituent of these white-alkali-soil colloids.

Black-alkali-soil colloids

The x-ray patterns for the black-alkali-soiL colloids, as shown in tables 5,

6a, and 6b, differ distinctly from those of the white-alkali-soil colloids, and

they also differ from many of the previously reported normal-soil colloids.

One of the striking features of these colloids is found in the virtual absence of

clay minerals of the moiitmoriilonitic and kaolinitic types and the consistent

presence of the micalike clay. Since it has been shown that Na-saturated

colloids sometimes tend to give diffuse x-ray lines, samples were Ca-saturated

and then x-rayed again, but there was no distinguishable difference between

these films and those obtained originally.

In agreement with the chemical analyses, all of these black-alkali-soii col-

loids gave x-ray evidence for calcite, which is not a constituent of the normal-

soil colloids previously reported from this laboratory (11, 12). These samples

also showed the presence of quartz, and in addition there is some reason to

believe that they contain amorphous Si02. A few unidentified lines occur in

the patterns. The conclusion is, therefore, that these black-alkali-soii colloids

consist chiefly of micalike clay, quartz, and calcite, together with smaller

amounts of unidentified minerals and amorphous SiOs. Sample 1 apparently

contains minor amounts of montmorillonite also, since the unheated sample
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gave a weak ISA. line and a lOA. spacing which was strengthened by heating

to SOOT.

It is important to point out in this connection that the determination of

TABLE 5

Interplanar spacings for hlack-alkali-soil colloids

MIN-
EEALS*

1 2

Air-dried Heated to SOO” Air-dried Heated to 500**

i. i. i. i.

M
1

IS.O w.

IM 10.2 w. 10.0 m.s. 10.0 w. 10.0 w.

MI 1 4.5 w-m. 4.5 m. 4.5 m. 4.5 v.v.w.

Q 4.25 w-m. 4.22 m. 4.2 m.

I 4.08 w-m. 4.05 m. 4.1 v.w.

u 3.99 m.

I 3.75 w-m. 3.72 w-m. 3.70 m.

u 3.60 w.

Q 3.35 v.s. 3.35 v.s. 3.32 v.s. 3.35 v.s.

I ^ 3.20 v.s. 3.20 v.s. 3.20 s. 3.20 s.

c 3.00 m. 3.00 m. 3.00 w. 3.01 w.

I 2.98 w.
1

2.98 w.

u 2.94 w. 2.94 w.

u 2.62 m. 2.61 m. 2.60 m.s. 2 . 63 m.

I
;

2.57 w. 2.51 w.

I
1

2.43 m. 2.42 m. 2.43 m. 2.43 m.

u 2.32 w. 2.30 w.

QC 2.28 w. 2.27 m.

I 2.17w.
1

2.17 w. 2,18 v.w. 2.20 w.

IC 2.10 v.w.

I 1.98 w. 1 2.01 w. 2.01 w. 2.00 w.

c 1.92 V.W. 1.92 v.w.

Q 1.83 m. 1,83 m. 1.82 v.w. 1.84 w.

u 1 . 75 w. 1.74 w. 1.74w. 1.74 v.w.

Q 1.68 v.w. 1.67 m. 1.67 m. 1.68 w-m.
I 1.66 v.w.

Q 1.54 m.s. 1.53 s, 1.54 m.s. 1.54 m.s.

I 1.49 v.w. 1.50 m.

c 1.46 w. 1.46 w. 1.46 w-m. 1.46 w.

c 1.43 v.w.

Q 1.38 m. 1.38 m.s. 1.38 m. 1.38-w-m.

u 1.35 v.w. 1.36 v.w.

I

.

1.32 w. 1.32 v.w.

'I 1.25 w. 1.26 w.

* See footnote table 4.

minor amounts of montmorillonitic day in heterogeneous materialSj like soil

colloids, is difficult. Experiments with known mixtures of montmorillonite

and other kinds of colloids have shown that as the proportion of montmoril-
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Ionite decreases the strength of the x-ray lines progressively diminishes.

When the mixture contains not more than appro.ximately 10 per cent mont-

morillonite, the x-ray lines sometimes become too weak to be measured with

TABLE 6a

Interplanar spacings for Uack-alkali-soU colloids

MIN-
6 7 8

EKALS*
Air-dried Heated to SOO® Air-dried Heated to 500® Air-dried Heated to SOO®

A, i. i. i. i. i.

I 10.0 w. 10.2 v.w. 10.0 v.w. 10.0 w. 10.8 w.

u 5. IS m.s. 5 . 1 . v.w.

I 4.5 s. 4.5 s. 4.55 w. 4.55 w. 4.55 S. 4.55 m.s.

I 4.10 w. 4.06 m. 4.15 m.s.

u 3.98 w. 3-74 w-m. 4.00 m.

Cl 3.8 w. 3.72 w. 3.70 w. 3.85 v.w.

IQ 3.40 m.s. 3.35 v.s. 3.40 w. 3.30 s. 3 . 40 m. 3.40 v.s.

I 3.25 m.s. 3.29 m. 3.30 s.

I 3 . 20 w-m. 3.15 v.s. 3.i6m. 3.21 v.s.

c 3.03 s. 3.0 v.w. 3.05 s. 3.02 s.

I 2.93 m. 2.95 m.s. 2.93 v.w. 2.98 v.w.

I 2.60 s. 2.60 m.s. 2 . 60 m.s. 2.60 m.s. 2.60 m. 2.63 m.

I 2.42 w. 2.43 w. 2.41 ? 2.42 v.w.

QC 2.28 w. 2.25 w. 2.30 w. 2.27 m.

IC 2.10 w. 2,13 w. 2.10 w.

I 2.01 v.w. 1 .99 v.w.

c 1.91 m. 1.92 w.

c 1 . 88 w.

Q 1.83 w. I

u 1.74 V.W. 1 , 75 v.w. 1.74 w.

Q 1.69 v.w.

1

[1.70 w.

11.66

1.69 w-m. i 1.70 w.

c 1 . 60 m. 1.60 v.w.

Q h.54 m. 1.53 m.s. 1,54 m. 1.54 v.w.

c fl,52 w. 1.52 m. ^

I 1 . 50 m. 1.50 m. 1.50 m. \1.50 w.

c 1.44 v.w. 1 . 45 w.

c 1,41 v.w. 1 .40 v.w.

Q 1.36 w. 1.38 w.

IC 1.29 v.w. 1.30 w.

c 1.25 w.

1(C) 1.22 v.w. 1 .24 v.w.

c 1 . 18 v.w.

u 1 . 12 v.w.

* See footnote table 4.

certainty. Every sample of the colloids reported in this paper may, therefore,

have contained small amounts of montmorUlonitic clay.

It will be noted that the calcite reference pattern, as given in table 3, shows



114 W. P. KELLEY, W, H. DOPE AND J. B. PAGE

a very strong 3.03A. spacing, medium strong 1.92A. and 1.87A. spacings,

and a number of other weaker spacings. The three strongest lines are the

TABLE 6b

Interplunaf spacingsfor black-alkali-soil colloids

MINES-
9 10

ALS*
Air-dried Heated to 500® Air-dried Heated to SOO®

j

i. i. i.

I 1 10.0 w. :
10.0 w-m. 10.0 w. 10.0 w.

u 5.1 w.

I 4.5 v.s. 4.5 v.s. 4.5 m.s. 4.S s.

Q 4.3 w. 4.2 w. 4.2 w.

Cl 3.8 v.w. 3.8 w. 3.8 w-m.

IQ 3.35 s. 3.35 v.s. 3.35 V.s. 3.35 v.s.

I 3.20 m.s. 3.20 w.

c 3.05 v.s. 3.0 v.s. 3.05 w.

I 2.90 w.

I 2.58 v.s. 2.60 s. 2.57 m. 2.57 m.

I 2.44 w. 2.42 w. 2.48 w. 2.43 w.

QC 2.28 m. 2.27 m. 2.27 s. 2.27 m.s.

IC 2.10 m. 2.18 V.w. 2.12 m. 2.12 m.

c 2.07 w.

I 1.99 w.
fl.99 v.w.

\1.97 m.s.

1.98 w.

c 1.91 m.s. 1 , 90 m.s. 1.90 v.w.

c 1.87 m.s.

Q 1 . 83 w. 1.81 w. 1.82 w. 1.82 m.
u 1.74 m. 1.73 w.

Q 1.68 w. 1.67 w. 1 . 67 v.w. 1 . 67 m.

c 1.60 w. 1 . 60 v.w.

Q f 1.54 m. fl.54 m. fl.54 w. I fl.54 m.
Cl \l.51 v.s. \l.51 w. \l.50 s. \1.50
c 1.43 w. 1.46 w. 1.44 v.w. i

c 1.415 v.w.

Q 1.38w. 1.38 V.w. 1.38 m. 1.38 s.

IC 1.30 w. 1.30 w. 1.30 m. 1.29 m.
C 1.25 w. 1.26 w. 1.25 w. 1.26 w.

IC 1.23 w.

u
1

1.20 w. 1 . 20 v.w.

c 1 . 18 v.w. 1.18 w. 1.18 w.
c 1 . 15 v.w. 1.15 w.

U; 1.08 w.

c 1.04 v.w. 1.05 w.

c 1 .01 v.w.

* See footnote table 4.

most useful for identification purposes because of their intensity and also

because they do not coincide with or even closely approach the position of any
of the micahke clay or quartz lines. In agreement with the chemical analyses
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and the dehydration curves, the strength of the 3.00A. and L92A. x-ray lines

of the unheated coloids 1 and 2 indicates only small percentages of calcite.

Only faint traces of other calcite lines are discernible in the films of these

samples, and some of these were no doubt partly produced by other constitu-

ents, as indicated. On the other hand, samples 6 to 10 (tables 6a and 6b)

gave strong or very strong S.OOA. lines, some of them gave the 1.92A. line,

and two the 1.87A. line. Other calcite lines, even a number of the rather weak

ones, are also showm by these colloids. A very satisfactory correlation, there-

fore, was found- between the x-ray data and the chemical analyses.

All seven of the black-alkali-soil colloids show^ the characteristic lOA. line

in either the heated or the unheated material. They also gave a spacing cor-

responding to the very strong 2.56A. line, which ranks next in importance for

the identification of the micalike clay. Although the presence of a lOA. line

is good evidence for the presence of micalike clays, the agreement was poor

between other lines and the corresponding reference spacings in several of the

samples, not only as regards the position of the lines but also in their relative

intensities. Moreover, contrary to experience with authenticated muscovite

and micalike clays, it was noted that heating the samples in some instances

produced changes in the position of certain x-ray lines. The limited data at

hand do not warrant an attempt to explain these variations. It wmuld seem,

however, that the micalike group of clay minerals probably includes a number

of slightly different crystalline individuals having related structures but unit

cells of somewhat different dimensions.

If it is assumed that micalike clay can be formed from parent rocks con-

taining different kinds of micas, it is possible that the clays will show similar

diversity. The x-ray lines of three different micas are shown in table 7. The

spacings for muscovite were calculated on the basis of the unit cell of Jackson

and West (7) ;
those for biotite and lepidolite are based on the data of Mau-

guin (14) (see also 21, p. 351) after recalculation to an alternative cell equally

consistent with his data but which lends itself to a closer comparison with

muscovite. It will be noted that all of these micas show a general similarity

but considerable variation in the position of some of their lines. The refer-

ence spacings for micalike clay (12, table 20) were taken from Grim, Bray,

and Bradley (5) and are based on the assumption that this clay has a unit cell

almost exactly like that of muscovite. These authors anticipated, however,

that this clay type might be found to include a number of individual minerals

similar in origin and general structure but varying in structural details. As

suggested by the discussions of Nagelschmidt (15) and Hendricks and Alex-

ander (6), it is still uncertain whether the micalike clay is merely an extremely

finely divided form of mica or whether chemical and structural differences

may not also be involved. From the viewpoint of origin alone, there appears

to be room for a variety of micalike clays.

While, as already pointed out, the white-alkali-soil colloids failed to give

any line corresponding to the strong 3.2lA. line of gedroizite, the black-alkali-
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soil colloids all gave an x-ray line reasonably close to 3.2lA., and this reflection

was strong in the case of at least three of the samples. Although this line

is given by the micalike clay and has been tentatively assigned to it, its

intensity was greater than would be expected for micalike clay. The possi-

bility, therefore, that the black-alkali-soil colloids contain some mineral

similar to that described by Sedletzky, is not wholly excluded. But in view

TABLE 7

Comparison of interplanar spacings having same Miller indexes for three mica structures

MILLER INDEXES

MUSCOVITE
a= 5.18

b = 9.02
c = 20.04

^

biotite
a = 5.30

1

b= 9.21
!

c *= 20.16

e = 95^50'

LEPIDOLITE
a 5.20

b=» 8.95

c ~ 19.82

0 = 94“8'

i. i. i.

(002) 9.98 s. 10.03 9.885

(004) 4.97 w. 5.015 4.94

(110) 4.47 s. 4.575 4.49

(022) 4.11 v.w. 4.285 4.075

(023) 3.70 v.w. 3.79 3.70

(114) 3.40 v.w. 3.54 3.43

(006) 3.31m. 3.34 3.295

(114) 3.20 v.w. 3.24 3.22

(025) 2.98 w. 3.025 2.96

(US) 2.84 v.w. 2.89 2.88

(202) 2.56 v.s. 2.49
’

2.465

(133) 2.44 w. 2.51 2.44

(133) 2.38 m. 2.42 2.38

(22i) 2.24 m. 2.30 2.245

(223) 2.18 w. 2.225 2.165

(043) 2.11 w. 2,18 2.12

(0010) 1.98 m. 2.01 1.98

(1,3,10) 1.65 w. 1.61 1.60

(312) 1.64 m. 1.67 1.65

(060) 1.50 s. 1.535 1.49

(335) 1.34 v.w.
1

1.39 1.37

(400) 1.29 m.
1

1.32 1.30

(0,0,16) 1.24w. 1.25 1.24

of the uncertainties already noted, we are unwilling to accept these results

as positive evidence for the presence of gedroizite in these colloids,

Efect of heat on the decomposition of CaCOz

As pointed out already, heating the colloids to 500° either weakened the

intensity of the calcite lines or obliterated them altogether. Since the con-

version of CaCOs into CaO ordinarily requires heating to a temperature some-

what above 500°C., a few experiments were made to test the possibility that

other substances present may have influenced the decomposition of calcite.

Accordingly, precipitated CaCOs and mixtures of the same with colloidal Si02,
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TABLE 8

E^eci of imting CaCOs with other minerals.

MINERALS*
CaCOs + H'VPRATED SiOa 1:

1

CaCOa-f Fe(OH)3l :l CaCOs + MUSCOVITE 1 : S .8

Unheated Heated to 500® Unheated Heated to 500® Unheated Heated to 500®

A. i. i. i. i. „i.

I ca 5,0 ? 4,97 w.

I 4.45 s. 4. 45 s.

C 3.S5 w. 3.85 w. 3.82 w. 3.70 m. 3.90 m. 3.87 w.

I 3.70 w. 3.70 w.

I i
3.45 v.w. 3.42 w.

I 3.32 m. 3.31 m.

I 3.20 w. 3. IS w.

c 3.03 v.s. 3.03 v.s. 3.03 v.s. 3.03 v.s. 3.03 v.s. 3.00 m.

I 2.98 w.

I 2.85 w. 2.SS w.

u 2. 75 v.w. 2.75 w.

H 2.70 s.

I 2.56 v.s. 2.56 v.s.

c 2.49 w-m. 2.49 w-m. 2.49 m. 2.50 w. 2,49 m.

I 2,44 w.

CaO (I) 2.40 m. 2.38 w. 2.38 s.

C 2. 28 m. 2.28 m. 2,28 m. 2.28 m. 2.30 m. /2.27 ra.

I 12*24

H 2.21 m.

I 2.15 m. 2.15 m.

C 2.09 m. 2.09 m. 2.10 m. 2.10 w. 2.09 m. 2.07 w.

I 1.99 w. 1.99 w.

C 1.92 m.s. 1.92 m.s. 1.92 m.s. 1.92 m. 1.93 m. 1.92 w.

c 1.873 m.s. 1.875 m.s. 1.875 m.s. 1.88 m.

H 1.84 m.

CaO 1.70 s. 1.69 m.s.

I , 1.65 w-m. 1.65 w-m.

C ri.62 v.w. /i.62 v.w. 1.61 w. 1.61 w. 1.61 w-m. 1.61 w.

\l.60 m. tl.60 m-

I 1.56 v.w. 1.56 w-m.

c 1.S2 w-m. 1.52 w-m. 1.52 w-m. 1.525 w.

I 1.50 s. l.SOs.

H 1.49 v.w.

C 1.475 v.w. 1 .47 v.w. 1.45 v.w. 1,455 v.w. 1.45 w. 1.44 w.

c 1.44 m. 1.435 m. 1.42 v.w.

CaO 1.38 v.w.

U 1.36 v.w. 1.36 v.w.

c 1.34 v.w. 1 .34 v.w.

C(I) 1.30 w. 1.30 w. 1.30 v.w. 1.305 v.w. 1,30 m.s. fl.Si w.

I ,\1.29 .

H 1-26 v.w.

c 1.25 v.v.w. 1.25 v.w. 1.25 w. ' 1.25 w.

c 1.23 w. 1.23 w.

CaO 1.20 w.

C 1.18 w. 1.18 w. 1.175 v.w. 1.18 w.

C 1.155 w-m. 1.155 w-m. 1.153 v.w.

TO 1.145 v.w. 1.145 v.w. 1.14 v.w.

H 1.105 v.w.

CaO 1.07 w.

C 1.045 m. 1.045 w. 1.05 v.w. 1.05 w.

c 1.013 w. 1.013 w. 1.012 v.w.

CaO 0.98 v.w.

0.965 y.w. 0.965 v.w. 0.965 v.w.

c 0.940 v.w.

* See footnote table 4. Additioml symbols in this table: CaO = calcium oxide; H ~ hematite.
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precipitated Fe(OH)3 ,
or finely ground muscovite were x-rayed both before

and after heating to 500''. The results reported in table 8 show that upon

heating, CaCOs was partly converted into crystalline CaO, particularly in the

presence of Fe(OH)3 or muscovite. It is interesting to note that, whereas

the precipitated Fe(OH)3 was entirely amorphous, the heated material gave

several lines which agree with the theoretical spacings of hematite.

Solonetz colloids

The colloids used in the foregoing part of this investigation were all taken

from alkali soils which contain more or less soluble salts. Although some of

them were relatively highly saturated with Na, none of the samples were taken

from locations where the morphology of any horizon of the profile was typical

of the solonetz as described by Russian soil scientists. On the contrary, they

are saline soils with varying concentrations and composition of soluble salts.

The term ‘‘solonetz” as used in this paper refers exclusively to a morphological

and not to a chemical characteristic of the horizon in question. As was shown

by Storie (20), Kelley (8), Kellogg (13), Rost (16), and Ellis and Caldwell (4),

soil horizons with well-developed solonetz morphology are not necessarily

high in either exchangeable Na or pH. In certain North American soils, the

B horizon of which shows well-developed morphology closely similar to that

of Russian solonetz, exchangeable Mg greatly exceeds exchangeable Na.

Since Sedletzky (19) reported that gedroizite is most abundant in the

solonetz horizon of Russian alkali soils, it is of interest to examine the colloids

of American soils which have well-developed solonetz morphology. With the

exception of a few areas, this type of structure is not extensively developed in

the United States, but in a number of localities solonetz morphology is found

in limited areas. We have made an x-ray examination of the colloids of

the solonetz horizon of the following soils:

11 [18216]. Antioch fine sandy loam, 19-24 inches, taken from Sec. 34, T 5 N, R 1 E, |

mile southeast of Creed Station in Solano County, California. This horizon shows a well-

developed columnar structure, is high in total clay, approximately neutral, and contains very

little soluble salts of any kind. Mg constitutes about 60 per cent and Na only about 12

per cent of the total exchangeable cations.

12 [18345]. Antioch fine sandy loam, 18-24 inches, taken near Salinas, California.

This horizon is columnar in structure and high in clay. It contains but little soluble salts,

has a pH of 7.6, and is about 40 per cent Mg-saturated and 16 per cent Na-saturated.

13 [18348]. Huerhuero fine sandy loam, 17-28 inches, taken 5 miles east of Estrella

School, San Luis Obispo County, California. This horizon is definitely columnar, high in

cla}^, and contains very little soluble salts. Its pH is 7.07, and the soil is about 30 per cent

Mg-saturated and 10 per cent Na-saturated.

The general chemical character of soils 11, 12, and 13 was reported by Kelley (8) ,
and the

character of the entire profile was fully discussed by Storie (20).

14 [18438]. Canby silty clay loam, 6-12 inches, taken f mile east of Ganby, Modoc
County, California. This horizon is a compact clay of columnar structure and contains

slightly more soluble salts than samples 11, 12, and 13. It has a pH of 6.9 and is about 30
per cent Na-saturated and 20 per cent Mg-saturated.
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15®. Waukena fine sandy loam, 8-14 inches, taken | mile southwest of Buena Vista

School, Tulare County, California. The upper part of this horizon has a well-developed

columnarstructureand the lower part a prismatic structure. It is low in soluble salts, has

a pH of 9.3, and is relatively high in exchangeable Na. This sample probably more closely

approaches the conditions referred to by Russian soil scientists as ‘"solonetz” than any

other sample reported herein.

The x-ray results are given in table 9. The patterns are similar to those of

other soil colloids. Evidence is found for the presence of the three types of

clay minerals which are common to soil colloids; namely, kaolinitic, mont-

morillonitic, and micalike clays. Quartz is also apparently present in all

of the samples. The unidentified spacings are unusually few in number.

The patterns were all rather weak on a darkened background, w^hich suggests

that considerable noncrystalline material was present.

The predominating clay mineral is of the micalike type as shown by the

lOA. and 2.S6A. spacings, which are especially characteristic of this group,

as well as by other spacings of the micalike clays. Colloids 11 and 12 appeared

to contain montmorillonitic and kaolinitic clays also, and colloids 13 and 14

gave indications of kaolinite. The montmorillonite lines were weak and

uncertain, and at most only small amounts of this mineral could be present.

The only definitely detectable clay mineral in colloid 15 is of the mica-

like type.

With the exception of sample 15, most of the spacings given by the solonetz

colloids conform closely to those of micalike clay. In the pattern of colloid 15

the lOA. line suggests micalike clay; but the other spacings agree less well

with the reference pattern for this type. As has been pointed out already,

the x-ray pattern of the micalike clays varies considerably and must be inter-

preted with caution.

Finally, the x-ray patterns of the five solonetz colloids afford little or no

evidence for the presence of any mineral resembling gedroizite as described

by Sedletzky. It is true, three of these colloids gave weak lines and one a

strong line corresponding to the strong 3.2lA. spacing which Sedletzky con-

siders to be characteristic of gedroizite. But, as previously indicated, the

micalike clay pattern usually shows a weak 3.20A. line, and it appears that

until more precise criteria are established for the recognition of gedroizite,

These data should not be interpreted as support for the presence of this sub-

stance. The lines characteristic of calcite were entirely absent from the

patterns of the solonetz colloids.

DISCUSSION

It is especially interesting to note that both alkali and normal soils contain

the same types of clay minerals. For example, in the several black-alkali

sGils reported herein, the Hante^ and San Joaquin soils of California (12),

and the Miami soil of the Mississippi Valley (1), micalike clays are prominent.

® Soil-survey sample, Visalia area, 5785-112.
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On the other hand, the white-alkali soils of the Imperial Valley, the Yolo soils

of California, the Putnam and certain other soil series of the Mississippi

Valley, and certain European soil types, all contain montmorihonitic clay.

As will be emphasized presently, however, it cannot be safely assumed that

either white-alkali soils or black-alkali soils will always be found to contain

the same kind of clay.

A high percentage of the clay minerals found in these alkali soils was prob-

ably contained in the alluvium when it was laid down in the areas sampled,

'

rather than formed in the soils subsequent to the accumulation of soluble salts

and the development of the existing alkali conditions. If reasoning based on

other chemical processes is applicable to the formation of the clay minerals,

then the initial formation of clay from the products of the weathering of

primary silicates would not be expected to take place in alkali soils, except

possibly to a limited extent, because the soluble products that are formed in

this process cannot be leached out effectively. As is well known, alkali soils

are soils of accumulation, not in the sense of horizonal accumulation of clay

as in mature profile development, but the accumulation of soluble salts and

also of partly weathered silicates in both the A and B horizons. Furthermore,

but little evidence was obtained in this work indicating that the alkali condi-

tions have produced any important change in the essential nature of the clays

which were present in the original alluvium of these soils. The conclusion

seems justified, therefore, that the effects of the alkali conditions have been

largely limited to the replacement of ions and the dispersion of the clay,

together with the accumulation of colloidal Si02 and soluble salts.

If, on the other hand, the clay minerals of these alkali soils are truly pedo-

logical in origin, then the results are at variance with Sedletzky’s hypothe-

sis (17) as to the necessary conditions for the formation of montmoriilonite,

namely, alkaline weathering. As a matter of fact, this hypothesis is not

supported by certain parts of the previous work of this laboratory (12) nor

by that of Alexander, et ah (1). Both of the mvestigations referred to showed

that the clay of certain soils of alkaline reaction is predominantly micalike

rather than montmorillonitic. With some at least of those soils, however, it

is, of course, possible that the clay minerals were also largely inherited from

the parent materials and, therefore, the pH at which they were formed may
have been unlike that of the soils. In the opinion of the authors, much more

definite knowledge concerning the specific conditions required for the forma-

tion of the clay minerals will be obtained by the study of the residual weather-

ing of primary minerals.

The foregoing discussion suggests that any type of clay that occurs within

a given drainage basin might be found in the alkali soils of that basin regard-

less of the type and amount of alkali salts present. Further investigation is

very likely to reveal, therefore, that white-alkali soils sometimes contain

micalike or kaolinitic clay or both, as well as montmorillonitic clay; whereas
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black-alkali soils will probably be found which contain kaolinitic^ mont-

morilionitic, or micalike clay.

The results of this investigation are at variance with Sedletzky's results

(18, 19) in that the clay of both the solonetz and the soda-containing soils

was found to be predominantly micalike rather than gedroizitic in the one

and montmorillonitic in the other. Moreover, one at least of the samples

(no. 15) was separated from the solonetz horizon of a profile which closely

resembles the published descriptions of the Russian solonetz. As pointed out

already, the results of this investigation do not completely exclude gedroizite

as a constituent of either the white-alkali or the black-alkali soils examined.

But if gedroizite was present at all, the amount was certainly subordinate to

that of micalike clays in the black-alkali soils and of montmorillonitic clay

in the white-alkali types.

The fact that the removal of soluble substances by leaching is not active

in alkali soils probably explains why colloidal Si02 tends to accumulate in the

upper horizons. It would indeed be surprising to find that Si02 has been

leached out when the much more soluble chlorides and sulfates have accu-

mulated. Under the prevailing conditions, colloidal precipitation is to be

expected, and these precipitates may contribute to some extent to the base-

exchange properties of alkali soils.

The foregoing results show that fusion analysis of soil colloids cannot be

relied on as definite indication of mineral types present. The principal reason

why this is true is found in the extreme heterogeneity of soil colloids. Neither

high Si02 nor high ratio of Si02 to AI2O3 or R2O3 is a definite indication of

montmorillonite.

Finally, the thermal curves of soil colloids also require cautious interpreta-

tion, since chemical alteration involving changes in weight and heat may take

place simultaneously with the loss of adsorbed water and crystal-lattice

OH ions.

SUMMARY

The alkali-soil colloids investigated are characterized by relatively high

Si02 and CaO content. The latter was probably due in considerable part to

the presence of CaCOs. The Si02/Al203 ratios are also high in these samples,

being more than 4.0 for aH the samples analyzed. Their base-exchange

capacities ranged from 25.7 to 58.4 m.e.

The white-alkali-soil colloids gave smooth wavelike dehydration curves

which resemble those of Yolo soil colloids, whereas the curves for several of

the black-alkali-soil colloids showed pronounced breaks between 400° and
500°C. This latter phenomenon has been definitely traced to the loss of CO2

from CaCOs.

X-ray investigation showed that the white-alkali soils contain a mixture of

montmorillonitic, kaolinitic, and micalike clays, whereas micalike clays greatly

predominate in the black-alkali soils. The clay minerals of the horizon of
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American soils showing the solonetz structure was also found to be chie%
micalike.

Considerable variation seems to be characteristic of the micallke clays. The
suggestion is offered that this may be due in part at least to variations in

the type of mica in the parent rocks from which the soil materials have been

derived.

The clay minerals found in alluvial alkali soils have probably been inherited

in considerable part as constituents of the alluvium and therefore are not

necessarily pedoiogical in origin. This view at once suggests that any t}^e

of clay mineral which occurs in a given drainage basin might be found in the

alkali soils of that basin.

The x-ray results failed to support the idea that the base-exchange capacity

of soil colloids is necessarily due to montmorillonitic clay. On the contrary^

the sample with the highest base-exchange power gave virtually no x-ray

evidence for the presence of montmorilionite.

The results of this investigation show that Sedletzky’s conclusion regarding

the formation of gedroizite is of doubtful applicability to American alkali soils.

It is also doubtful whether pH is solely responsible for the formation of the

several clay minerals found in soils. This, however, should not be interpreted

to mean that pH is not important in the formation of the different clay min-

erals.

Apparently the effects produced on American alkali soils by the accumula-

tion of soluble Na salts have consisted primarily in the exchange of cations

together with the dispersion of the clay particles, but these processes probably

have produced very little alteration in the essential structure of the clay min-

erals originally present. No convincing evidence was obtained that crystalline

minerals peculiar to alkali soils have been synthesized in either the soda-con-

taining type or the type which shows the solonetz morphology.
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The fact that organic substances have a tendency to react with inorganic

clays has been demonstrated, but the exact mechanism of the reaction and the

properties of the resulting complexes have not been fully investigated. Since

the chemical, physical, and biological properties of a soil may be greatly influ-

enced by the nature and content of organic matter, the relationship existing

between the organic and inorganic fractions of soils deserves further study.

Ensminger and Gieseking (4) found that the absorption of proteins by mont-

morillonite is partly due to the cationic groups in the protein molecule.

Since proteins are one of the most important nitrogenous substances added to

soils, the present investigation was planned in order to study more fully the

absorption of proteins by clays, using x-rays as a means of measuring the

absorption, and to study the base-exchange properties of the resulting

complexes.

REVIEW OR THE LITERATURE

That various organic substances have a tendency to react with clays is

evident from the investigations of Demolon and Barbier (2), Mattson (6),

Myers (7), Gieseking (5), and Ensminger and Gieseking (4). Demolon and

Barbier (2) found that humic colloids were more strongly absorbed by clays

when the hydrogen-ion concentration of the system was high. According to

Mattson (6) the isoelectric point of proteins is lowered by bentonite. He
explained this change as being due to the formation of a nonionized compound

between bentonite and proteins. Meyers (7) observed that the exchange

capacity of a mixture of organic colloids and soil colloids was less than tlie

sum of the capacities of the components. He also observed that the absorp-

tion of organic colloids was greatest in an acid suspension and suggested polar

absorption as the most probable reaction involved. By x-ray analysis, Giese-

king (5) found that complex organic cations were strongly absorbed within

^ Contribution from tbe department of agronomy, University of Illinois Agricultural

Experiment Station. Published with the approval of the director of the Illinois Agricultural

Experiment Station.

2 Graduate assistant and assistant professor, respectively. The writers are indebted to

R. S. Smith for his continued interest and cooperation in this study.
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the variable (001) spacing of montmorillomtic clays. The replacement oj

inorganic cations by organic cations resulted in larger (001) spacings. Ens-

minger and Gieseking (4) found that gelatin and albumen were absorbed within

the expansible portion of the montmorillonite crystal lattice, resulting in

larger (001) spacings. These proteins were more strongly absorbed at low

pH values. Furthermore, untreated gelatin was more completely absorbed

than nitrous acid-treated gelatin, which indicates that the reaction was due

partly to the presence of the free amino groups of the proteins.

EXPERIMENTAL TECHNIC

Wyoming bentonite (particles less than 0.5/^ in diameter and predominantly

montmorillonite) and Hartsburg colloid (particles less than Ipi in diameter)

were used throughout this investigation. The Hartsburg colloid was isolated

from the A-horizon of Hartsburg silt loam, which is an imperfectly developed

grassland soil derived from deep loess on nearly level to depressional topog-

raphy, in association with Muscatine silt loam.

The first step in the preparation of the protein-clay complexes was the mixing

of an alkaline suspension of clay with an alkaline suspension of protein. Under

these conditions both the clay and protein are negatively charged, and thus a

homogeneous mixture is easily obtained. The mixture was then acidified to

the desired pH by slowly adding dilute acetic acid. It was necessary to follow

the dilute acetic acid by concentrated acetic acid where low pH values were

desired. The acidified complexes were shaken in a mechanical shaker for

48 hours. Since microbial activity was rather great at certain pH levels, a

few drops of toluol were added to prevent microbial decomposition. The
complexes used for diffraction studies were filtered, washed with water, and

dried over anhydrous magnesium perchlorate. Base-exchange studies were

made on both dried and moist complexes.

The base-exchange capacity was determined by the barium method. The
excess acid was washed out of the complex with water, and then the complex

was saturated with barium by leaching with barium chloride solution. The
unabsorbed barium was removed by leaching with double-distilled water

,until

the leachate no longer gave a test for chloride. The absorbed barium was
replaced by washing with 0.1 iV HCl and the barium determined gravi-

nietrically.

EXPERIMENTAL RESULTS

Absorption of proteins hy montmorillonite

The (001) spacings of montmorillonite treated with varying quantities of

hemoglobin, casein, protamine, pepsin, and pancreatin are reported in table 1.

The dried samples were placed in a closed system and connected to a magne-
sium perchlorate desiccator while the x-ray diffraction studies were being made.
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Absorption of gelatin hy Hartshurg mlMd'

Since the Hartsburg colloid contained 15 to 20 per cent montmorillonitic

type of clay, it was possible to measure the amount of absorption by deter-

mining the size of the (001) spacings. The effect of increasing amounts of

gelatin on the (001) spacings of the montmoriilonitic fraction of Hartsburg

clay is given in table 2.

'

TABLE 1

Absorption of proteins by inontmorillonUe

PROTEIN ADDED
QUANTITY OF PROTEIN

ADDED TO 1 GM.
MONTMOKILLONITE

(001) SPACINGS OF
MONTMORELLONITE

TREATED WITH PROTEINS

Hemoglobin

zm.

0.125

0.25

i.

13.5

15.0Hemoglobin

Hemoglobin 0.50 23.0

Hemoglobin 0.75 25.0

Hemoglobin 1.00 26.9

Hemoglobin 1.25 29.8

Casein 1.00 41.5

Casein 2.00 48.0

Protamine 1.00 17.5

Pepsin 2.00 17.5

Pancreatin 2.00 17.5

TABLE 2

Absorption of gelatin by Hartsburg colloid

QUANTITY OF GELATIN ADDED TO 1 GM. HARTSBURG
CLAY

(001) SPACINGS OF MORTMORILLONITE IN
HARTSBURG CLAY

gfW. i.

0.125 15.0

0.25 17.5

0.50 17.5

1.00 17.5

Effect of gelatin absorption on the base-exchange capacity of montmoriUonite and

Hartsburg colloids

Figure 1 shows that gelatin has a very marked effect on the exchange capac-

ity of montmoriUonite and Hartsburg colloids. These gelatin-clay complexes

were prepared by mixing alkaline suspensions of gelatin and clay together and

then acidifying to pH 2.6 with acetic acid.

Effect of pH on base-exchange capacity of montmoriUonite-protein complexes

The data in figure 1 show that proteins decrease the base-exchange capacity

of montmoriUonite at low pH values. Since most soils have a pH value above
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5.0, it would be of value to know the effect of protein absorption over a wide

range of pH values. The data presented in table 3 show that gelatin decreases

the base-exchange capacity of montmorillonite materially even at pH values

above 5.0.

Effect of treated proteins on exchange capacity of montmorillonite

In order to learn more about the type of reaction taking place between

proteins and clays, proteins were treated so as to change their basic properties.

Fig. 1. Efeecx or Gelatin Absorption on the Base-Exchange Capacety of
Montmorillonite and Hartsburg Colloids

There are two ways of altering the basic or cationic properties of proteins;

namely, by formaldehyde treatment and by nitrous acid treatment. These
treatments were applied to albumen, gelatin, and hemoglobin. The samples

obtained in this manner were then used in absorption experiments with
montmorillonite. According to the data in table 4, formaldehyde-treated

hemoglobin did not reduce the exchange capacity as much as did untreated

hemoglobin. Formaldehyde-treated gelatin and albumen gave the same
result as untreated.

Since nitrous acid-treated albumen and hemoglobin did not reduce the
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exchange capacity of montmoriilonite, evidently all the basic groups had

been destroyed. On the other hand, nitrous acid-treated gelatin must have

still contained basic groups, for it reduced the base-exchange capacity

materially.

DISCUSSION OP RESULTS

The amphoteric nature of proteins must be kept clearly in mind when dis-

cussing the data presented. This may be represented by the following

equilibrium:

H 0
I /
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H O
I /
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H—N—

H

j -I-

H Ci~

H—N<’
!

H

H
OH

The addition of an acid increases the ionization of the amino group and

decreases the ionization of the carboxyl group. Therefore, an increase in

hydrogen-ion concentration causes the protein molecule to act more like a

cation. Proteins are electrically neutral at the isoelectric point, but this

should not be taken to mean that they are electrically inactive as far as absorp-

tion is concerned. Above the isoelectric point they are predominantly nega-

tively charged, but again they possess some basic properties and are absorbed

to a certain extent by negatively charged clays. Egg albumin, gelatin, and

hemoglobin have the following isoelectric points: 4.6-5 .0, 4.4-S.6, and 6.8,

respectively. Any chemical treatment which would alter the basic or acidic

groups of proteins would also affect their isoelectric points. The treatment

of gelatin with formaldehyde shifted the isoelectric point from pH 4.75 to

pH 4.3. Deaminized gelatin had an isoelectric point of 4.0 as compared with

4.7 for untreated gelatin.

Absorption of proteins by montmoriUonitic clays

The data presented in this paper substantiate the theory of Engsminger and

Gieseking (4) that proteins are absorbed as cations within the (001) spacings

of montmoriUonite. Albumen was found to be absorbed from alkaline solu-

tion, as was gelatin in previous work. It did not seem, however, to be so

strongly absorbed under alkaline conditions as did gelatin.

Hartsburg colloid contains a montmorillonitic clay which absorbs large ions

within the (001) spacing. The (001) spacing of Hartsburg was not so expan-

sible as the (001) spacing of montmoriUonite. The largest spacing obtained

was 17.5A., regardless of the amount or nature of the organic substance
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added. This lack of expansibility may be due to less base-exchange capacity

within the (001) spacing or possibly to a reduction in exchange capacity as a

result of previous absorption of positively charged hydrated sesquioxides or

organic matter.

TABLE 3

Effect of hydrogen-ion concentration on the hase-exchange capacity of montniorillonite-gelatin

complexes

FINAL pH OF SUSPENSION DURING PREPARATION BASE-EXCHANGE CAPACITY OF COMPLEX*

W.fi.f

9.00 1

90.0

7.6 85.0

6.5 73.4

5.3 59.7

3.45 31.1

2.00 23.1

* 1 gm. gelatin to 1 gm. montmorillonite.

t Per 100 gm. montmorillonite.

TABLE 4

Effect of treatment on the hase-exchange capacity of montmorillonite-protein complexes

AMOUNT AND KIND OF PROTEIN !

ADDED TO 1 GM. MONTMORILLONITE pH
BASE-EX-
CHANGE
CAPACITY;

TREATMENT OF COMPLEX OR PROTEIN BEFORE
DETERMINING BASE-EXCHANGE CAPACITY

1 gm, gelatin 9.0

m.eJ*

82.5 Dried the complex

1 gm. gelatin 7.0 74.5 Dried the complex

1 gm. gelatin 4.5 35.6 Dried the complex

0.25 gm. gelatin 3.0 70.5 H2C=0 treated gelatin

0.25 gm. albumen 3.0 71.0 H2C=0 treated albumen

0.25 gm. hemoglobin. ; 3.0

1

70.0 H2C—0 treated hemoglobin

0.25 gm. gelatin 3.0 75.0 HNO2 treated gelatin

0.25 gm. albumen. 3.0 93.0 HNO2 treated albumen
0.25 gm. hemoglobin 3.0 91.5 HNO2 treated hemoglobin

0.25 gm. albumen 3.0 71.0 None
0.25 gm, hemoglobin 3.0 56.0 None

* Per 100 gm. clay.

Base-exchange studies on protein-clay complexes

Since proteins are absorbed by montmorillonitic clays, they offer a good
means of studying further the effect of organic material on the base-exchange

capacity of clays. Gelatin was used in most cases because it is soluble under
the conditions of this experiment, and it forms a clay complex which filters

readily.

Saturation with barium is a very satisfactory method of determining the
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base-exchange capacity^ of these complexes. ' According to Docking and Hey-
mann (3) gelatin treated with barium chloride and washed free of chloride

ions increased in ash content 0.13 per cent. On the basis of 100 gm. of gelatin,

this increase would amount to only 1.7 m.e. It is assumed, therefore, that

virtually all the barium absorption was due to the clay fraction of the complex.

The data presented show that absorbed proteins have a marked effect on
the base-exchange capacity of clays. The amount and nature of the protein

added determine the magnitude of the reduction in base-exchange capacity.

Proteins did not reduce the base-exchange capacity of clays in an alkaline

medium. As the hydrogen-ion concentration is increased, however, the base-

exchange capacity decreases. The fact that an increase in hydrogen-ion con-

centration increases the basic properties of proteins would indicate that these

are absorbed as cations. Many soils have a pH value low enough to induce

considerable reaction between the organic and the inorganic fractions. More-

over, neutral soils may have acid zones due to carbon dioxide from roots and

decomposing organic matter which would cause a chemical reaction between

the organic and the inorganic fractions.

Treatments which alter the basic properties of proteins cause them to be

less absorbed. The fact that nitrous acid-treated albumen and hemoglobin

caused no decrease in exchange capacity whereas the untreated proteins

caused a marked decrease is further evidence that they were absorbed before

treatment as a result of basic amino groups. Nitrous acid-treated gelatin

decreased the exchange capacity. This may be explained by the work of

Bancroft and Barnett (1), who found that deaminized gelatin had a combining

capacity for hydrochloric acid amounting to 0.0044 gm. equivalent. They

suggested that the combining capacity of deaminized gelatin is due to the

0
/

—C—

—

groups which are not attacked by nitrous acid.

Many investigators agree that the addition of organic matter to clays reduces

the base-exchange capacity of the latter. The mechanism involved, however,

has not been agreed upon. Sideri (8) suggested selective orientation as the

reason for the reaction between clay and humus. Myers (7) reported a

reduction in exchange capacity of clays when mixed with organic colloids and

explained it on the basis of polar absorption. According to Myers this

polar absorption should result in a close packing of organic colloidal particles

on the surface of the clay. Such packing would result in a reduction in the

exchange capacity not because of a chemical reaction but because of steric

hindrance to the passage of ions from the ends and sides of the organic colloids.

He expressed the belief that absorption would probably be a factor in reducing

the exchange capacity of inorganic colloids by covering the exchangeable ions

on the surface of the clay and thus permitting only the ions within the expan-

sible lattice to be exchangeable. X-ray diffraction data show, however, that

proteins also enter the expansible portion of the montmorillonite lattice.
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On the basis of the data presented here a chemical reaction between the

basic groups of the proteins and the negative charge on the clay seems to be

the most probable type of reaction. Treatments which increase the basic

properties of proteins increase the absorption of proteins by clays, as revealed

by x-ray difiraction data. Treatments which decrease the basic properties

result in less absorption and a smaller decrease in the exchange capacity

of the clay.

CONCLUSIONS

The x-ray data presented here show that proteins were absorbed within

the expansible portion of the lattice of montmorilionitic clays. The change in

the (001) spacing of montmorillonite resulting from the absorption of proteins

depended on the amount and nature of the protein added. The montmoril-

ionitic clay in Hartsburg colloid was not found to be so expansible as mont-

morillonite from bentonite.

Proteins reduced the base-exchange capacity of montmorillonite and Harts-

burg clay materially when the complexes were acidified. No reduction

occurred in an alkaline suspension, however.

Such treatments as formaldehyde and nitrous acid which alter the basic

properties of proteins resulted in less absorption. An increase in hydrogen-

ion concentration resulted in greater absorption due to greater ionization of

the amino groups. These data would indicate that proteins are partly

absorbed as cations.
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Hendricks and Alexander (3) recently asserted that, in the absence of or-

ganic matter, benzidine or its hydrochloride gives a blue color with montmorii-

lonite, that the reaction is specific enough to characterize this mineral “in the

presence of other clay minerals and constituents of soils,” and that the test

has been used “on a number of clay fractions from soils and has been found to

be completely trustworthy in the absence of organic matter.” Hauser and

Leggett (2) observed a series of color reactions between various amines and

different clays. They found that “the color is specific to the amine and can

be produced with all reactive types of clay (bentonite, fuller’s earth, kaolin,

zeogel, etc.).” Since this laboratory is engaged in the investigation of the

minerals of soil coHoids, the color reaction with benzidine hydrochloride has

been rigorously examined to determine its nature and suitability as a test for

montmorillonite.

TESTS WUTH VARIOUS MATERIALS

The following tests were made in accordance with the directions given by

Hendricks and Alexander, using a saturated aqueous solution of benzidine

hydrochloride (after oxidation of organic matter with H2O2 where necessary)

:

1. Ten colloids from alkali soils which have recently been thoroughly ex-

amined in this laboratory (5) were tested. The results indicate that only

samples 1, 3, 4, and 5 contain enough montmorillonite to be detected by the

x-ray method of analysis; the remaining six colloids apparently are micalike

clays. The results of the tests are presented in table 1.

These results, though not necessarily in conflict with those reported by

Hendricks and Alexander, suggested, nevertheless, that some factor other

than, or in addition to, montmorillonite may have contributed to the produc-

tion of the color. This was indicated by the fact that the intensity of the blue

color developed by these colloids was not proportional to the amount of mont-

morillonite present as revealed by x-ray analysis. Neither was it proportional

to the amount of micalike clay in the samples.

2. Soil colloids the mineral nature of which has been reported in a previous

^ The author expresses appreciation to W. P. Kelley lor advice and assistance in the prepa-

ration of the manuscript and to W. H. Dore for making the x-ray determinations.
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paper from this laboratory (4) were tested. The results are presented in table

2 .

These results are not in agreement with Hendricks and Alexanders^ assertion

that “kaolinitic clay minerals and other inorganic constituents of soils give

negative results.^’ Examination of the x-ray data on these colloids (4) reveals

no indication of montmorillonite in samples 18882, 18883, 18885, 18886, and

18887, and only slight indication in sample 16307, yet all these samples gave

moderate to strong color reactions. Furthermore, the last-named sample

probably contains much less montmorillonite than does Yolo colloid 17559,

yet these two colloids gave approximately equal color tests with benzidine.^

Hendricks and Alexander also found exceptions, observing that the Miami

and desert soils (micalike clay types) gave the color test. In explanation,

they suggest that micalike clay often “grades into a mixed layer mineral with

montmorillonite as a component.’^ As will be shown later, there is an equally

TABLE 1

Colorimetric tests on colloidsfrom various alkali soils

SAMPLE NUMBEB. SOURCE COLOR INTENSITY

1 Fresno, California Moderate

2 Fresno, California Moderate

3 Imperial Valley, California Strong

4 Imperial Valley, California Strong

5 Imperial Valley, California Very strong

6 Lake Rosamond, California Very weak

7 Fallon, Nevada Very strong

8 Vale, Oregon Weak
9 Phoenix, Arizona Moderate

10 Corinne, Utah Very weak

plausible alternate explanation. It can be noted that in general the trend is

toward stronger tests for the montmorillonite type samples, but the numerous

exceptions seem to indicate that the test cannot be relied upon.

3. A series of bentonites were tested, all of which have been shown by x-ray

studies to be high in montmorillonite. These materials were first tested in

their crude state by allowing a piece of the rock to hydrate and swell in dis-

tilled water overnight, after which the benzidine hydrochloride was added.

The results are given in table 3.

With most of these samples the color was developed in streaks and spots

^ Modern methods of mineralogical analysis of clays are not sufficientiy sensitive to pre-

clude tlie possibility that there may be small amounts of montmorillonite in materials of this

kind. The color intensity observed in the micalike and kaolinitic samples, however, was
entirely disproportionate to the amount of montmorillonite which could have been present.

For this reason it is believed that the color observed can best be explained as due to the

presence of some substance other than montmorillonite.
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scattered tiirougliout the material, indicating heterogeneity , with respect to,

either montmoriUomte or some other factor, which might influence color de-

velopment. Failure of some of these montmorilionitic samples' to give a

TABLE 2

Colofimetric tests on colloidsfrom different California soils

SAMPLE
NUllBES SOIL SERIES DEPTH FEEDOMINATIKG M1NE,RAX TYPE COLOR KT’ENSITY

7083 Yolo

inches

0- 8 Montmorillonite Moderate

17399 Maxwell 0-18 Montmorilionite Strong

17557 Yolo 0- 8 Montmorilionite Very strong

17558 Yolo 9-12 Montmorilionite Very strong

17559 Yolo 25-48 Montmorilionite Strong

18882 San Joaquin 0-20 Micaiike Moderate

18883 San Joaquin 22-30 Mkalike
|

Strong

18885 San Joaquin 24-32
1

Micalike Strong

18886 Hanford 0-30 1 Micalike Moderate

18887 Hanford 0-24 Micalike Moderate

16054 Vina 0-12
;

Kaolinitic Weak
16056 Vina 0-12

1

Kaolinitic Weak
16057 Keefers 0-10 Kaolinitic Very weak

16303 Redding 1-15 Kaolinitic Weak
16307 Redding 20-37 Kaolinitic Siro7tg

TABLE 3

Colorimetric tests on various bentonites

SAMPLE
JSfUMBES

SOURCE COLOR INTENSITY

2 Otay, California Very strong

3 Clay Spur, Wyoming Strong

4 Merritt, B. C., Canada Strong

5 Rosedale, Alberta, Canada Veiy strong

6 Princeton, B. C., Canada i Strong

7 Goldfield, Nevada Very weak

8 Medicine Bow, Wyoming Very strong .

12 Vidal, Riverside Co., California Weak
15 Death Valley, California No color.

EOghbridge, Kentucky (Ordovician bentonite) Weak

,

Smith Co., Mississippi Strong

positive test suggests that the necessary factor may have been absent.
,

Hen-

dricks and Alexander also reported that certain samples of montmorillonite

gave only weak tests.

A series of colloids separated by sedimentation from the samples of crude

bentonite and saturated with various cations was tested. One sample of ben-
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tonite 2 gave but a very weak test with benzidine, whereas another from the

same deposit gave a strong test. The colloid separated from bentonite 3

failed completely to give the test, even though the crude material gave a

strong color. Since these colloids are known to be montmorillonitic, the

results indicate that montmorillonite alone is insufficient to give the color, and

that the factor responsible for color development may be readily separable

from the colloid (the colloids were separated by gravity sedimentation and

had been subjected to no drastic treatment).

No effect of the adsorbed cation was observed except in the case of easily

reducible cations. Portions of colloid 7, each saturated with different cations

(Ca, Ba, Mg, K, Na, and NH4) all gave weak tests, yet a portion of this colloid

saturated with Cu“^ gave a strong test; this point will be referred to later.

Other materials may also give the test: for example, a commercial permutite

gave a moderate color reaction, and a commercial sample of kaolin and a

supposedly pure sample of hydrated haUoysite both gave moderate tests,

although the best obtainable sample of kaolinite failed to give the reaction.

The results obtained suggested that some factor other than montmoril-

lonite was active in producing the color and that this factor is not always asso-

ciated exclusively with montmorillonite.

CONSIDERATIONS ON THE REASONS POE COLOR DEVELOPMENT

As was pointed out by Hendricks and Alexander, the color developed is

undoubtedly due to the formation of a semiquinone compound resulting from

the partial oxidation of the diamine. These authors suggest that iron may
be connected in some way with the color development. They point out:

^Tt is probable that the oxidation is due to the presence of ferric iron or an

equivalent oxidizing agent in an insoluble form together with or a part of the

montmorillonite.’’ They further suggest that the failure of pure samples

of montmorillonite to give the color is “due apparently to the absence of iron

compounds.” This idea was not developed further, except for the observation

that “freshly prepared ferric hydroxide and the iron compounds present in

soils did not give semiquinone in the absence of montmorillonite.” Hendricks

and Alexander also pointed out that after the addition of codeine or brucine

to a sample of strongly reactive montmorillonite, the sample gave only a faint

test. They concluded “that the large and more basic alkaloid molecule is

far more firmly held as a cation than is benzidine and thus prevents formation

of the latter salt. This experiment also demonstrated that the presence of an
oxidizing agent alone in the clay is inadequate for the test.” They seem to

conclude, therefore, that the formation of a benzidine-montmorillonite salt

and the presence of an available oxidizing agent are essential to the test.

Hauser and Leggett (2) concluded that the color was not produced by the

action of an oxidizing agent “adsorbed or entrapped in the clay structure.”

Instead, they suggested that the clay particle itseH can act as the oxidant,

accepting an electron from the adsorbed amine. This causes the production
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of the colored eompound through ‘^setting up an unbalanced force field in the „

amine^^ which' ^provokes resonance in the amine and the quiiioidal structure is

,

obtained.”

Consideration of the structure of montmorilionite and search of the litera-

ture on the semiquinones revealed nothing which would indicate a possible

role of montmorilionite in the production of these compounds.' .MichaeliS'

(6) gives an excellent summary of the knowledge of the semiquinones. Some
of the essential points' in his paper are, briefly, as follows:

The oxidation to semiquinones is unique in organic chemistry in that it involves the transfer ^

of but a single electron (corresponding rougl% to Fe'"—Fe"^). The resulting compound

is monomoleciiiar, the odd electron effectively oscillating between the two amine groups of

the partly oxidized molecule. The semiquinone is strongly colored and may or may not

develop another colored compound upon further oxidation. The formation and existence of

these compounds is dependent upon pH and the oxidation potential of the system. The

benzidine compounds are very labile—so much so that these compounds are difficult to work

with. Even the dry compounds are somewhat unstable and are very readily oxidized. In

moderately acid solutions a t'wo-step oxidation occurs, causing production of the brown

colored oxidation product, the semiquinone being unstable in this range.

From these considerations it seems possible that the color developed when

benzidine is added to certain soil colloids or mineral types results from the

action of some available oxidizing agent in the material and that the role of

montmorilionite is purely incidental and not essential to the reaction.

EXPERIMENTS ON COLOR DEVELOPMENT

It was found that soluble ferric salts, even when present in very low con-

centrations, produce a very strong blue color with benzidine. This color is

readily produced by FeCls in the total absence of montmorilionite or any other

mineral, as would be expected from the mode of formation of semiquinone

compounds. As was found by Hendricks and Alexander, Fe(OH)3 appears

not to give the test. This is apparently due to the great insolubility of this

compound. If, however, a large amount of the weakly acidic benzidine hydro-

chloride solution is added to but a little Fe(OH)3 ,
a faint blue color is slowly

produced, suggesting that the solubility explanation is correct. Since Fe"^"^^'

alone is able to produce the color, it is suggested that the color, produced with

many soil colloids and minerals, results from the oxidizing action of ferric

iron present in the material, probably in most cases as an impurity.

TESTS ON THE ROLE OF IRON IN COLOR DEVELOPMENT

The aforementioned alkali soil colloids were subjected to the modified Truog

treatment (7) using nascent H2S to remove free iron compounds. Although

all these materials originally gave a positive test with benzidine (table 1), no

color was produced by any of them subsequent to the treatment even after

standing several days. Similar results were obtained on five different ben-

tonites, both the crude material and the separated colloids, and on the Yolo
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soil colloid (tables 2 and 3) after extraction with a nonrediicing iron solvent,

namely, oxalic acid dissolved in sodium oxalate as proposed by Drosdoff (1).

In every case, removal of the more soluble iron compounds resulted in the

destruction of the power to produce the color. This was true regardless of the

mineral nature of the colloid. X-ray studies showed that the essential struc-

ture of the clay minerals was not altered by the acid treatments. Fusion

analysis, however, showed that these extracted materials still contained con-

siderable ferric iron. The same was found with colloids from bentonites 2

and 3, which normally give little or no color. This agrees with reasonable

expectation, since iron occurring as a lattice constituent would not be expected

to efiect the oxidation unless it were exposed on a broken edge. Grinding in a

porcelain mill with agate balls caused these unreactive iron-containing mate-

rials to give a strong test, suggesting that the ferric iron was present in the

interior of the crystals, either occluded or as a lattice ion, and was thus un-

available for chemical action until exposed by grinding.

Traces of FeCls were added to montmorillonitic colloids after they were made

nonreactive by acid extractipn. In every case a blue color developed immedi-

ately, which upon shaking became adsorbed by the colloid, thus giving every

appearance of positive tests again. This type of experiment was repeated on

other materials which normally give little or no color with benzidine. The

following materials were tested: colloid from bentonite 3, two samples of

kaolinite, a commercial permutite, and three samples of halloysite. Benzidine

was first added, then a trace of FeCb. With each of the materials blue color

was immediately developed in the solution upon addition of FeCb. After

shaking, the colored compound was adsorbed by the material, giving the

appearance of a positive test for montmorillonite. If sufficient colloidal mate-

rial was present, the supernatant liquid became completely colorless, while the

flocculated colloid was deeply colored. The only difference discernible be-

tween these materials was in their relative decolorizing power, which appears

to be a function of the adsorptive power of the material.

By saturating nonreactive colloid from bentonite 3 with benzidine and then

adding FeClg to the colorless material, it was found that the benzidine could

be oxidized to the semiquinone while adsorbed. By reversing the procedure,

that is saturating with Fe^^ then adding benzidine, it was found that ad-

sorbed Fe"^ can also effect the oxidation. This explains the effect with Cu"^
noted previously, since Cu"^ can act as an oxidizing agent for benzidine.

Other materials, such as kaolinite and halloysite, were found to respond in the

same way. Hence no evidence was obtained indicating that montmorillonite

is essential for the color development or that it plays any unique role. It does,

however, have a slightly greater efficiency as an adsorbing agent.

It is not intended to suggest that iron is the only material which can effect

the oxidation of benzidine. In testing other oxidizing agents, it was found
that benzidine is very easily oxidized by H2O2, MnOr*", €1207'” Br2 (bromine
water), lOs**', HNO3, Fe"^, Fe(CN)~"”~“", and Gu"^. A milky white precipi-

tate is formed with Fe*^ and SO4 '. Apparently the blue semiquinone is
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' stabk' only in a limited range of pH on the acid side of neutrality, the brown,

fully oxidized compound being produced by oxidation in stronger acid solu-

tions.' A yellowisli brown is obtained in strongly alkaline solutions. Strong

oxidizing agents tend to convert the material over to the brown, fully oxidized

product, but with care the blue intermediate product ma}^ be obtained. . In
" reaction ranges in which die semiquinone is stable, all the, aforementioned

oxidizing agents convert the material to the brow.n compound. Careful

addition of base to. acid solutions in which the brown color has been developed

causes production of yellow, green, blue, and then again brown solutions.

'

With the demonstrated ease of oxidation of benzidine, it is apparent that

mere traces of iron, manganese, or other reducible material in the soil should

be sufficient to produce the color. It is usually thought that the iron com-

pounds associated with soil colloids are relatively insoluble. The pH of the

saturated benzidine hydrochloride solution used in making the tests was 2.3,

however, and it is believed that this reaction is sufficiently acid to bring enough

iron into solution for the test.

This possibility was explored by adding a few crystals of KSCN to aqueous

suspensions of the colloids, after which the tubes were allowed to stand for 1

minute without shaking. A test indicating w^ater-soluble Fe"^’^ was obtained

in nearly every case in which a positive test with benzidine had been obtained.

If sufficient dilute HCl was added to bring the suspension to the same reaction

as that of the benzidine-colloid suspension (usually about pH 3.5), a test for

Fe"^ was obtained with every material which had previously given the blue

color with benzidine. It was further observed that no test for Fe"^”^ was

obtained with materials which failed to give the benzidine test, and that with

the soil colloids (tables 1 and 2) there was a very close parallel between the

relative intensit}^ of color obtained with KSGN and with benzidine.

DISCUSSION AND CONCLUSIONS

Since benzidine can be readily converted into a blue-colored semiquinone

by the action of oxidizing agents, and montmorillonite is neither necessary

for nor sufficient in itself to give the color test, and since, with proper oxidizing

conditions, other mineral types give the same effect as montmorillonite, it is

felt that the benzidine test cannot be considered as specific for this mineral

The facts that the presence of slightly soluble iron was demonstrated in

j
materials which gave the test, and that removal of the more soluble iron com-

pounds caused loss of the power to give the test, are taken as rather strong

indication that iron compounds, probably present as impurities in the samples,

were, in most cases, responsible for production of the color reaction.

The actual iron compounds which might contribute to the color development

are, of course, difficult to determine. Apparently several or all of the usual

hydrated oxides of iron, which occur as impurities coating soil colloids or in

certain rock and mineral samples, are sufficiently soluble to yield Fe*^^ under

the conditions of the test. It has been shown that adsorbed Fe'^ can produce

the color, and it would certainly be expected that such iron might also occur
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in soil colloids. The results have also shown that materials may contain

considerable Fe+++ yet be unable to give the test, suggesting that either the

iron was present occluded within crystal aggregates and hence not available

to chemical action, or that it was a constituent of the lattice. In the latter

case it should also be effectively unavailable. If, however, crystal lattice

|g exposed on broken crystal edges, it may be capable of reduction.

In this case the iron should behave similarly to adsorbed iron and hence

contribute to color development. This latter type of iron may in a large

measure account for the greater tendency of montmorillonite and micalike

clay samples to give the test, since these minerals probably contain iron as a

common lattice constituent, whereas such iron is unknown in the kaolinitic

type of clay materials.

Manganese and other reducible materials in soils should also influence color

development, but it is believed that iron is by far the most important.

In the light of the chemistry of the semiquinones (6) and the results obtained

above, it is believed that the color developed between clays and certain

diamines can best be explained as due to direct oxidation to the semiquinone

compound as a result of the action of some oxidizing agent present, usually

as an impurity in the clay. Further, since it was demonstrated that mont-

morillonite is not essential to the reaction, that the proper oxidizing conditions

though sometimes present are not always associated with montmorillonite,

and that the oxidizing agents may also be associated with other clay constitu-

ents of soils, it is concluded that this test cannot be considered as specific for

montmorillonite. Instead, the color reaction is thought to be indicative

merely of the presence of some oxidizing impurity in the material tested. The

data obtained are in essential agreement with those of Hauser and Leggett,

in that the oxidation of benzidine can be produced in the presence of various

kinds of clays and also that pH has a marked effect on the oxidation.

It is thought, however, that the explanation offered above more nearly

explains the process than their suggestion that the clay itself is capable of

acting as an oxidizing agent,
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That a relation exists between boron in the substrate and the calcium metab-

olism of plants has been recognized (3). Practical value, as well as scientific

interest, is involved in the subject. Much of the work that has been done is

descriptive, dealing with disease symptoms exhibited by the external characters

of the plants (6), but some excellent quantitative work also has been accom-

plished (7, 13). The problem is difficult and requires special methods in its

approach. The purpose of this investigation is to study, chemically and

structurally, the effect of boron on the calcium metabolism of corn plants.

PLAN OP EXPERIMENT

Corn seeds of Croshaw’s strain of Reed’s yellow dent were germinated on

moist blotting paper. The seedlings, when large enough to be handled, were

transferred to purified sand in highly glazed pots. The sand had been washed

successively with 5 per cent HCl, with water, with 5 per cent NaOH, and

with distilled water. Tests showed the glazed surfaces of the crocks to be

free from traces of any soluble contaminating substances (7). Six series of

cultures were established.

During the first week of growth the plants in all series were supplied with a

culture solution containing all the required elements except boron, which was

omitted from the solution in order that the plants might exhaust any traces

available in the seed or present from external sources.

During the second week of growth, the plants in all series were supplied

with the complete culture solution, including 0.25 p.p.m. of boron in the form

of boric acid. At the end of the second week, all the plants were growing

vigorously and appeared to be normal in every respect.

Boron and calcium treatments were started at the beginning of the third

week and were continued for 10 days. These treatments are indicated in the

description of the solutions presented in table 1. It will be observed that

calcium was omitted from some of the solutions and that the boron treatments

included a range of concentrations from 0 to 5.0 p.p.m. of this element. In

series I and II, calcium nitrate was replaced by sodium nitrate, in equivalent

^ Journal Series paper of the New Jersey Agricultural Experiment Station, department of

plant physiology.
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molecular proportions, in order to supply the nitrate ion and to eliminate the

calcium ion from the solution. One liter of solution was dripped daily on

the surface of each culture, and each culture was flushed daily with 500 cc.

of fresh solution (9, 11). As a result, the pH of the solutions drained from the

cultures varied only from 4.1 to 4.2, as indicated colorimetrically with brom-

cresol green.

Microchemical tests of the plant tissues were begun when the plants were

20 days old and were continued daily until the plants were harvested, at the

age of 25 days.

TABLE 1

Solutions used with six series of corn plants grown in sand culture

MOLAR CONCENTRATIONS OR MAJOR SALTS TRACE ELEMENTS

KH2PO4 Ca(N08)2 NaNOi MgSOi (NH4)2S04 Boron Fe, Mn, Zn

p.p,m. p.p.m.

I 0,0023 0.0090 0.0023 0.0007 0.00 0.25

II 0.0023 0.0090 0.0023 0.0007 0.25 0.25

III 0.0023 0.0045 0.0023 0.0007 0,00 0.25

IV 0.0023 0.0045 0.0023 0.0007 0.10 0.25

V 0.0023 0.0045 0.0023 0.0007 0.25 0.25

VI 0.0023 0.0045 ’ 0.0023 0.0007 5.00 0.25

CHARACTER OR PLANTS

By the sixth day of treatment, definite symptoms of boron deficiency and

toxicity were apparent in some of the series.

At the end of the lO-day treatment, those plants supplied with 0.1 p.p.m.

boron and 170 p.p.m. calcium (series IV), as well as those supplied with 0.25

p.p.m. boron and 170 p.p.m. calcium (series V), were large and were devoid of

pathological symptoms.

The series of plants supplied with 5.0 p.p.m. boron and 170 p.p.m. calcium

(series VI) yielded plants the leaf margins of which, at the end of the 10-day

treatment, were brown and dead. The leaves lacked the fresh luster appearing

in the normal plants.

In each of the other series—0 p.p.m. boron and 170 p.p.m. calcium (series

III), 0 p.p.m. boron and 0 p.p.m. calcium (series I), and 0.25 p.p.m. boron and

0 p.p.m. calcium (series II)—the plants produced symptoms associated with

boron or calcium deficiencies. Those plants grown in cultures without boron

and without calcium were dying at the time of harvest. The disease symptoms
in these plants are small, withered leaves, mottled with red and white blotches,

and cracked leaf blades, exuding a red sticky fluid, which in several instances

dripped from the lesions. The liquid was abundant and contained dissolved

salts. Plants supplied with 0 p.p.m. boron and 170 p.p.m. calcium in the sub-

strate presented white stripes in the leaves, which also showed a green and
white mottling, whereas plants supplied with 0.25 p.p.m. boron and 0 p.p.m.
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calcium wi.tliin tiie substrate presented seared leaf ma.rgi.ns and were speckled

with white blotches. Little .red color was present in the plants of these two

series. In general, the red color of the leaves appears to accompany a condi-

tion of soluble caiciu.m, deficiency within the plant. This would indicate that

soluble calcium is available calcium. Boron deficiency is first indicated ex-

ternally by the presence of white stripes in the leaves and an abnormal condi-

tion of the terminal growing point; brown, dead leaf margins are charac-

teristic of the older leaves of the boron-toxic plants.

The plant roots from cultures receiving 0.1 p.p.m. boron and 0.25 p.p.m.

boron together with 170 p.p.m. calcium (series IV and V respectively) were

long, silvery white, and apparently healthy.

Only a few short, thick roots, deep brown in color, were produced by the

plants supplied with 5.0 p.p.m. boron and 170 p.p.m. calcium (series VI)

during the experimental period.

Plants of the series deficient in boron but having optimum calcium (series

III) produced stubby roots bearing a few short laterals, whereas those deficient

in calcium but having optimum boron (series II) yielded, at the time of

harvesting, only a few thick brown roots bearing numerous thick fingerlike

branches at their terminals. The plants growm in the minus-boron and minus-

calcium solution (series I) produced short, thick, brown disintegrating roots.

EXPERIMENTAL METHODS USED WITH THE PLANT MATERIAL

Both fresh and formalin-preserved plant materials were used for micro-

scopic work, and some of the material was frozen for the determination of

calcium and of boron in the tissues and tissue juices. Oven-dried plants

were used for the determination of total calcium and total boron. Total

green weights and total dry weights per plant top and milligrams of calcium,

of soluble calcium, of boron, and of soluble boron per gram of dry tissue were

determined and are recorded in table 2.

The volumetric method of the Association of Official Agricultural Chemists

(1, pp. 123-124; 7), slightly modified, was followed for the calcium analyses.

The Berger and Truog (2) colorimetric method, also slightly modified, was

used for the quantitative determination of boron. This method was modified

by diluting the standards and test solutions with sulfuric acid to 50 cc. each,

instead of using lO-cc. quantities. These 50-cc. portions were held in clear

Nessler tubes and compared over a 20-watt fluorescent daylight lamp.

In order to determine the soluble calcium or boron in the plant juices,

25-gm. samples of fresh tissues were frozen quickly at the time of harvest.

The frozen samples were thawed and then were subjected to a pressure of

1250 pounds per square inch for 5 minutes in a Carver press. The juices were

immediately filtered, and the entire residue was dried for analysis. The soluble

calcium or boron in the juices was determined by subtracting the quantity

obtained by analysis of the entire residue of an extracted sample from the total

quantity obtained by analysis from an unextracted sample.
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Crystal counts of calcium and of boron were made on meristematic growing

points, leaves, stems, and roots, of both incinerated and unincinerated formalin-

preserved tissues, as well as on fresh tissues. These tissues were prepared as

follows: longitudinal sections 10 thick were cut with the freezing microtome

while some others were hand-sectioned and treated directly on microscope

slides. The sections to be incinerated were placed in the electric muffle

furnace at 3S0°C. for 3 hours.

For calcium crystal counts of the incinerated tissues, the ash was treated

with dilute solutions of sulfuric acid or ammonium oxalate. Frequently the

calcium compound crystals were stained with 2 per cent alizarin solution in

order to bring them into contrast with other crystals that appeared on the

slides (4). For the identification of boron in crystal form, the ash on the slide

was treated with a dilute solution of hydrochloric acid to set free the boron,

followed by a concentrated solution of potassium periodate or potassium

iodide; later it was treated with concentrated potassium chloride solution

and finally stained with 50 per cent alcoholic alkaline turmeric acid. All

slides were air dried before microscopic examinations were made. This

is the method described by Chamot and Mason (4), except that fluorine in-

stead of iodine compounds are used as reagents by those authors.

In order to estimate the numbers of boron or of calcium crystals within the

tissue cells, similar procedures were followed as with the incinerated tissues.

In most cases, however, a cover slip was fastened over the section by means of

Canada balsam in order that the highest magnification of the microscope could

be employed. The same methods used in testing the plant tissues to identify

calcium or boron crystals were applied to chemically pure stock salts of calcium

and boron as a means of comparison and check.

Fat in the growing points was located in longitudinal sections by means of

both alcoholic and ether preparations of Sudan III stain.^ Permanent mounts

were made of these preparations after dehydration with diethylene oxide.

In order to verify the fat reaction, a l-gm. sample of plant tissue was boiled

with dilute potassium hydroxide, evaporated to dryness, and extracted with

water, and the filtered extract was acidified with hydrochloric acid. The
white precipitate of fatty acid was an indication of the presence of fat in the

tissue. This white precipitate was removed, dried, weighed, and calculated

in terms of milligrams per gram of dry plant tissue.

Tissue sections of the meristematic growing points were treated for pectin

in the same general manner as that used for determining the presence of fat,

except that the stain employed to indicate the presence of pectin was ruthenian

red.^ These tissues were dehydrated with diethylene oxide, and a cover slip

was sealed over the section with Canada balsam.

In order to exhibit the general cellular structure of the growing points, longi-

tudinal sections, stained with methylene blue, dehydrated, and sealed under a

cover slip, were used. All pectic substances stain violet with methylene blue.^

2 Eckerson, S. H, Microchemistry. (Mimeographed outline.)
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Spot plate tests of fresh growing meristematic tissues indicated, that some .of

the cells in this region were more acid to appropriate colorimetric indicators

than were, .others (8., . 12). In general, however, a higher pH appeared to

develop in the tissues of plants possessing the highest soluble calcium content

than in the tissues of those having a lower soluble calcium content. The' pH
of the ceils in the meristematic tissue ranges from 4.0 for the plants .in the 0

p.p.m. boro.n treatments to 6.2 for the plants in the 5.0 p.p.m. boron treat-

ments (12).

RESULTS O.E TREATMENTS INDICATED BY CHEMICAL ANALYSES

The results of quantitative tests for total calcium and for soluble calcium

as well as for total boron and for soluble boron are given in table 2. The

TABLE 2

Results of quantitative chemkal analyses of six series of corn plants grown in sand ctdture

SERIES

TREATMENT AVERAGE
ERESH
"WEIGHT
OF TOPS

PER PLANT

AVERAGE
DRY

WEIGHT
OF TOPS

PER PLANT

TOTAL Ca
PER GRAM
DRY TISSUE

SOLTTBLE
Ca PER

GRAM DRY
TISSUE

TOTAL B
PER GRAM
DRY TISSUE

SOLUBLE B
PER GRAM
DRY TISSUEB Ca

p.p.m. p.p.m. m- gm. mgm. mgm. mgm. mgm.

I 0.0 oo 9.33 1.50 3.0 0.3 0.001 0,0005

II 0.2S 0.0 20.33 2.60 3.0
1

1.0 0.008 0.0069

III 0.0 170.0 29.66 2.85 7.6 ' 2.1 0.002 0.0015

IV 0.1 170.0 52.00 5.40 7.7 2.4 0,005 0.0042

V 0.25 170.0 51.00 5.30 8.0 2.8 0.008 1 0.0070

VI 5.0 170.0 42.00 4.37 7.7 4.2 0.025 0.0232

average green weight, as well as the average dry weight, per plant top is also

given.

It appears from table 2, that for those plants supplied with neither calcium

nor boron in the substrate (series I) during the treatment period, the supply

of soluble calcium and of soluble boron previously acquired had been virtually

depleted at the end of the treatment period and that the plants had ceased to

develop shortly after the treatments began. If a supply of fresh boron is not

continuously transported from the substrate to the terminal growing points,

the plant suffers retardation in growth, characteristic of boron deficiency

(S, 10). This observation is supported by the fact that plants suffering from

boron deficiency show few boron crystals within the cells of growing tips.

In comparison with the plants of series I, in which no additional boron was

supplied to the substrate, the plants of series II, receiving 0.25 p.p.m. boron

and 0 p.p.m. calcium during the experimental interval, maintained in a

soluble condition a greater proportion of the calcium already present at the

beginning of the experimental period. It is evident^ that the presence of ade-

quate available boron within the plant tends to maintain in an available
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condition the calcium previously acquired, even though no fresh supply of

calcium is added to the substrate.

The plants of series III, receiving 0 p.p.m. boron and 170 p.p.m. calcium,

indicate that nearly one third of all the calcium per gram of dry tissue is in a

soluble condition. There is twice as much boron per gram of dry tissue in the

plants of series III as in the plants of series I, although the total boron in the

plants of these two series is extremely low since no boron was supplied during

the treatment period. Much of those small quantities of boron is in a soluble

condition. The explanation of the higher quantity of boron in plants of series

III, compared with those in series I, is to be sought in the condition of the

plants. As was previously pointed out, the plants in series I were character-

ized by disrupted leaf, stem, and growing point tissues, which suffered loss of

tissue fluids through exudation. It was established, by test, that traces of

the boron contained in the plant were lost from the tissues by way of the

exuded liquids. No such waste of fluids occurred from plants in series III.

At the beginning of the treatment period, series III plants contained a sufficient

supply of soluble boron and of soluble calcium to promote slight growth

throughout the 10-day period of treatment. This growth, however, occurred

not at the terminal growing point, but in the older leaves.

It will be observed that the data of fresh weight, dry weight, and total

calcium for the plants of series IV are similar to those of series V, and higher

than those for any of the other series, in spite of the fact that the boron con-

centration of the substrate in these two series is only 0.1 p.p.m. and 0.25

p.p.m. respectively. This indicates that the boron requirement of these

plants lies within a narrow range of concentrations approximately limited

by the concentrations employed in the solutions of these two series. It

further indicates that the boron content of the substrate, within certain limits,

does not influence significantly the calcium absorption rates of the plants.

This is emphasized by the fact that the plants from the four series, III, IV,

V, and VI, in which the calcium concentration of the substrate was equal

(170 p.p.m.), yielded upon analysis average total calcium values which differed

only very slightly. The soluble calcium content of the plants from series

IV and V is strongly influenced, however, by their boron content, soluble or

total or both, which in turn, is determined by the boron concentration in the

substrate.

It must be concluded from the data in table 2, therefore, that soluble calcium

is determined not by the total calcium content of the plants, but by the boron

content. The data also show that a very large proportion of the boron in the

plants is soluble and that the soluble boron is directly related to the total

boron in the plants and to the boron content of the substrate in which the

plants were grown.

It is evident from table 2 that there is a strong tendency on the part of

boron in the plant to maintain in a soluble and, therefore, in an active and
available form the calcium that is within the plant. This condition is par-
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ticuiarly exemplified in series W, V, and VI, In the plants of series VI, the

soluble calcium content is approximately twice as high and the boron content

is five times as high as the corresponding contents in the normal plants of

series IV.

MICROCHEMICAL INVESTIGATIONS

An attempt was made by microchemical methods to differentiate between

active and nonavaiiable calcium in the tissues of corn as a check against the

analytical methods by which soluble and total calcium were determined. By
selecting small pieces of tissue from different parts of the plant it was possible

to locatCj in the individual plants from the various series, regions of calcium

and boron accumulation.

For these investigations whole plants were harvested at the end of the 10-day

treatment period and preserved in 10 per cent formalin for future use in

permanent mount preparations. Small pieces of living tissue, also selected

from various parts of the plant, were sectioned with a freezing microtome, and

the sections were treated immediately without formalin preservation. Counts

were made of the relative numbers of calcium and boron crystals in these

preparations. Cut sections were placed on slides, treated, and incinerated at

500°C. in an electric muffle furnace. After cooling, the ash was treated as

previously described, and crystal counts, representing the total calcium or

boron of the tissue section, were made. Slide preparations were frequently

made, on succeeding days, of root, stem, and leaf tissues selected from the

plants of the different series.

Invariably all slide sections of corresponding tissue from plants receiving

the same treatment yielded calcium ciy’-stal counts which were fairly uniform

in numbers. Root tissues always yielded the highest numbers of crystals;

stem tissues, the lowest; and leaf tissues, numbers intermediate between

these two.

Slide preparations of incinerated tissue sections from plants treated with

5.0 p.p.ni. boron in the substrate yielded the highest boron crystal counts,

those from plants of the cultures without boron in the substrate yielded the

lowest crystal counts, and those from plants taken from cultures treated with

the optimum range of boron concentrations yielded crystal counts corre-

sponding in number to the boron concentration in the substrate. These

results indicate that the total boron in the ash of the tissue sections is directly

correlated with the corresponding boron concentrations in the substrate.

This is in perfect agreement with the quantitative chemical analyses of the

tissues.

The examination of all slides, prepared for estimating calcmin in tissue

sections by the method of incineration, uniformly showed calcium crystal

counts approximately equal in numerical value, for corresponding tissue

sections taken from plants of series III, IV, V, and VI, in which the^ calcium,

concentration of the substrate was 170 p.p.m. The crystal count method,
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therefore, shows no relation between boron accumulation and total calcium

in the tissues.

Since the method of incineration dealt only with “total” quantities and did

not differentiate between soluble or functional calcium and insoluble calcium,

sections of living tissues were treated and prepared for crystal counts in the

cells as described.

Groups of ten cells, in prepared and treated leaf tissue sections taken from

plants grown with deficient boron (0.0 p.p.m.), optimum boron (0.1-0.25

p.p.m.), and excess boron (5.0 p.p.m.) treatments, were selected, and calcium

crystal counts were made. Tissues from boron-deficient plants yielded an

average of 16.9 crystals per cell; those from cultures in the optimum range of

boron treatment, 39.5 crystals; and those from the excess boron treatment,

67 .8 crystals. The calcium crystals were rather uniformly distributed through-

out the cytoplasm. This ascending scale of crystal counts was always much

lower in numerical value and not in agreement with the very uniform calcium

crystal arrangement that appeared on the slides of the incinerated leaf tissue

taken from plants treated with the corresponding boron concentrations. It is

evident that the ascending scale of crystal counts does not here represent total

calcium present in the individual cells, but may be regarded as representing

the soluble calcium fraction of the cells.

Counts were next made of the boron crystals that were formed in cells

of the fresh leaf tissue taken from the same plants tested for calcium crystal

counts. Numerous preparations for boron crystal counts of both stem and

leaf tissues, as for calcium crystal counts, were made on different days. Tis-

sues of plants from the minus-boron treatments yielded few or no boron crystals

in the cells; those from the optimum range of boron treatments and those

from excess boron treatments yielded crystal counts which were roughly

proportional to the boron concentrations in the substrate. From these tests

it appears that the concentration of boron in the growth substrate determines

its accumulation in the plant. This was indicated by the crystal counts of

both incinerated tissue and fresh tissue. This again agrees well with the data

of quantitative chemical analyses.

These relations are of special interest when considered in connection with

the fact that the plant is unable to store a surplus of available boron within

its tissues and subsequently to make effective use of it. In this connection

it is to be noted that the plants grow normally only within the optimum range

of boron concentrations in the substrate and within the corresponding effective

range of concentrations within the plants. Below this range, plants show
pathological symptoms of deficiency; and above this range, they exhibit the

characteristic symptoms of toxicity.

The boron crystal counts present a picture quite different from that of the

calcium crystal counts. On the slides of incinerated tissue sections calcium

crystals showed no relation whatever with the boron crystal counts. This

was in perfect agreement with the quantitative chemical analyses of the tissues
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for total calcium. The results of these .analyses, it will be recalled, show .fairly

uniform values for corresponding tissues of all plants throughout the series'

except those for tissues of plants grown' in cultures deficient in calcium (series

I and II). When, however, the calcium counts were made in the cells of tissue

sections not. subjected to incineration, the average calcium, crystal count per

cell followed the order of count magnitude that was obtained for the corre-,

spoiiding boron crystal counts. Low, medium, and high calcium crystal

counts
,
corresponded respectively with low, medium, and high boron .crystal

counts. This shows a very definite relation between boron content of the

ft.... tissue cells and active or functioning calcium, assuming that counts. of calcium

crystals within the ceils of tissue sections represent active calcium.

During the course of microchemical investigations of the terminal meristem

tissues of the plants it was discovered, incidentally, through the use of the

staining methods here employed that pronounced differences in pectin content

and in fat content occurred in these active tissues of the plants from the

different series. An attempt was made, therefore, to determine qualitatively,

by the staining methods already described, whether the differences in the

pectin and the fat content of the cells of these terminal regions might be

related to the boron treatments which the plants received. The stains em-

ployed in these tests, ruthenian red and Sudan III, are considered to be

general stains for pectin and fat respectively. Because both of the organic

compounds, pectins and fats, may be present within the plant tissues in

various forms, the interpretation of results of these tests must be considered

to be of a preliminary nature, and they wiU require confirmation by the use

of much more exact methods of analyses. It is interesting, however, that the

meristematic tissues of plants supplied with 0 p.p.m. boron and 170 p.p.m.

calcium (series III) always yielded, throughout the cellular cytoplasm, positive

tests for pectins and negative tests for fat, whereas those plants supplied with

5.0 p.p.m. boron and 170 p.p.m. calcium (series VI) alvra3^s yielded negative

tests for pectin within the cellular cytoplasm and positive tests for fat. The

presence of both fat and pectin was indicated in the meristematic tissues of

those plants grown in series IV and V, in which the boron concentration of the

substrate was 0.1 p.p.m. andO.25 p.p.m. respectively and the calcium content

170 p.p.m.

Preliminary qualitative tests are strongly suggestive of an important rela-

^ tionship between boron of active corn tissues and their pectin content, and

between boron and fat metabolism in which calcium is involved.

In this preliminary investigation with a representative monocot (corn) much

consideration was given to the selection and development of the most appro-

priate methods to be followed in the analyses for boron and calcium in the

plant tissues, and much time and energy were given to the thorough testing

of the suitability of the methods selected. These investigations are being

continued by means of a comparative study of representative monocots and

dicots.
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SUMMARY

The optimum boron requirement of corn plants grown in sand supplied

with culture solution by the continuous flow method lies within a narrow range

of concentrations approximately limited by the concentrations employed

in the solutions containing 0.1 p.p.m. to 0.25 p.p.m.

The presence of adequate available boron within the corn plant tends to

maintain the calcium, previously acquired, in an available condition even

though no fresh supply of calcium is provided in the substrate.

The boron content of the substrate, within certain limits, does not influence

significantly the calcium absorption rates of the plants.

The soluble calcium in corn tissues is determined not by the total calcium

of the plants, but by the boron content, which, in turn, is determined by the

boron content of the substrate.

A very large proportion of the boron in the plants is in a soluble form.

This proportion of soluble boron is directly related to the total boron in the

plants and to the boron content of the substrate.

The plants grow normally only within the optimum range of boron concen-

trations in the substrate and within the corresponding efiective range of con-

sentrations within the plants. Below this range, plants show pathological

symptoms of deficiency, and above this range they exhibit the characteristic

symptoms of toxicity.

Repeated observations made on the plants indicated that a high fat content

together with a low pectin content of the terminal meristem tissues accompa-

nied a condition resembling early maturity of the plant. It is thus apparent

that these preliminary tests are strongly suggestive of animportant relationship

between boron of these active tissues and their pectin content and between

boron and fat metabolism.
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Fertilizer applied to vegetable crops usually contains very much larger

amounts of phosphorus than the crops remove. An application of 1,000 to

2,000 pounds per acre of a mixture containing 8 per cent of phosphoric acid

supplies 80 to 160 pounds; crops remove only 10 to 30 pounds per acre. The
annual residue is, thus, 50 to 150 pounds.

As is well known, much of this residue is fixed in the plowed zone. For

example, Hester (4) reported that truck soils in the Norfolk, Virginia, district

contained in the top 7 inches about 4,000 pounds per acre more phosphoric

acid than that found in virgin soil; the second 7 inches contained about 1,300

pounds more than the same horizon of virgin soil (table 1 ).

With accumulations of this magnitude it might be anticipated that the phos-

phorus-fixing capacity of the soil would, sooner or later, become exceeded and

that the application of excess phosphorus would cease to be necessary.

In the literature are found occasional reports of fertilizer tests in eastern

states where there was no response to phosphate in the fertilizer. Martin,

Brown, and Sprague (5) conducted an experiment with potatoes in New Jersey

in which there was little or no increase in yield from phosphate in the fertilizer.

Similarly, Brown (2) in Connecticut obtained no response with potatoes from

phosphate applications on an old tobacco soil. In Rhode Island, Odland and

and Crandall (6) applied 1,500 pounds per acre of 3-12-4 to cabbage for 10

years, then changed to an 8-0-8. For the following 8 years, the 8-0-8 averaged

482 barrels of cabbage per acre while an 8-8-8 produced at the rate of 474

barrels. None of these workers reported either the total or available phos-

phorus of their soil. Working from a soil viewpoint, Hester (4) estimated the

phosphorus-fixing capacity of Sassafras sandy loam at the Norfolk Truck Ex-

periment Station to be about 5,000 pounds of P2O5 per 2,000,000 pounds of

soil and found an average of 4,484 pounds present in growers' fields (table 1).

One field showed over 6,000 pounds. This field was considerably above its

probable phosphorus-fixing capacity.

RESULTS, ON CHENANGO EINE SANDY LOAM IN OHIO

Similar data have been obtained at the Washington County Truck Experi-

ment Farm near Marietta, Ohio, on Chenango fine sandy loam, a terrace soil

153
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of the Muskingum River. A fertilizer experiment with four vegetable crops

was started in 1915 on a field said to be in a low state of fertility as compared

with neighboring truck farms. The details of the experiment have been pub-

lished (3).

At the outset it was found that liming alone made phosphorus amply avail-

able for sweet corn, but the other three crops, tomatoes, cabbage, and cucumbers,

gave a distinct response to phosphate fertilizer. These three crops also gave

increases in yield to superphosphate supplementing 16 tons of manure per acre,

but the increases were small and continued for only a few years. During the

second 8 years of the experiment, the manure alone supplied ample phosphorus

for all the crops (table 2); in other words, with manure supplying approxi-

mately 64 pounds of phosphoric acid a year, the accumulated residue reached

the point where there was sufficient available, with continued manuring, for

ah the crops. Incidentally, all these plots were limed at the rate of a ton of

TABLE 1

Total phosphoric acid in soils of the Norfolk Trucking District

Data of Hester (4)

HOItlZON APPKOXSMATE DEPTH
PARTS PsOs PER 2,000,000 OP SOIL

Cropped soils Virgin soils

Ai

inches

2-7 4,484 590

A2 7-14 1,714 396

B 14r-21 772 534

ground limestone annually. ThepH was about 7 .0 at the end of the eighth j^^ear

,

This was, of course, a factor in the peculiar availability of the phosphorus.

At the end of 16 years some of the fertilizer treatments were changed. One
unmanured plot that had annually received 640 pounds per acre of 4-10-4

was changed to 1,000 pounds of 8-0-8. Surprisingly, for the following 4 years

all the crops gave good yields on this plot with no indications of phosphorus

deficiency. The yields of tomatoes and cucumbers began to decline in the fidth

year, but the yields of cabbage as well as sweet corn were maintained into

the seventh and eighth years (table 3). Thus an annual application during

the first 16 years of 400 pounds per acre of 16 per cent superphosphate re-

sulted in a considerable residue of highly available phosphorus.

Total and available phosphorus in the soil

Soil samples were collected at the end of the sixteenth year when the changes

were made in the fertilizer plan. Total phosphorus was determined by Zin-

zadze’s procedure (8); readily available phosphorus by Truog’s method (7);

and, in addition, water-soluble phosphorus was determined by shaking 1 gm.
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of dry soil in' 200 cc. of water foi' 30 minutes, then proceeding' as in Truog^s

method. Data from the plots of special interest are given in table 4.

TABLE 2

E£ect on yield from applying superphosphate mtk mamm
All }^e!ds calculated to pounds of marketable produce per acre

A\T2aAGE YIE.tD

CSO? ANB TREATMENT*
First S years
1915-1922

Second 8 years
1923-1930.

Cabbage, manure only
i

With superphosphate 1

Increase

20,005

20,907

902

24,263

24,360

97

Tomatoes, manure only ^ 13,803

14,485

682

12,895

13,180

285

With superphosphate i

Increase

Cucumbers, manure only 18,576
1

19,340 1

764

21,754

21,623

-131
With superphosphate

Increase

Sweet corn, manure only 7,960

7,960

0

9,263

9,023

-240
With superphosphate

Increase

* All plots annually manured at rate of 16 tons per acre. iVnnuai applications of 16 per

cent superphospbate at the rate of 400 pounds per acre.

TABLE 3

Yields after phosphate was omittedfrom fertilizer

Pounds of marketable produce per acre

AVERAGE ANNUAL YIELD EOR 4
YEARS (1931'-i934)

ATORAGE ANNUAL YIELD OF
SEVENTH AND EIGHTH YEARS,

1937-1938

Continuously
phosphated—

plot 34

No phosphate
after 1930-

plot 31

Continuously
phosphated—

plot 34

No phosphate
after 1930

—

plot 31

Tomatoes 7,915 8,176 11,900 10,710

Cucumbers 3,110 3,900 15,650 11,630

Cabbage 22,920 24,420 31,920 33,000

Sweet corn 4,350 4,600 8,840 8,460.

In view of the large amount of available phosphorus shown by these analyses,

and particularly the large amount in the water extracts, it is not surprising

that crops on plot 31 had ample phosphorus for several years after phosphate

was omitted from the fertilizer.

Growers’ soils in the Marietta district appear to [be [similarly high in favail*
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able phosphorus. Six fields were sampled in the fall of 1938; three were said

to have been heavily fertilized, three lightly fertilized. The water-extractable

phosphorus in these samples ranged from 50 to 200 pounds per acre.^

TABLE 4

Phosphorus content of the soil after 16 years of fertilizer treatments

PLOT NUMBER ANNUAL ACHE APPLICATION

PHOSPHORUS PER 2,000,000 POUNDS OP SOIL

Total Available Water-soluble

lbs. lbs. lbs.

29 None 1,260 100 40

31 640 pounds 4-10-4 1,460 200 100

34 640 pounds 4-10-0 1,560 200 120

28
1

32,000 pounds manure 1,400 220 90

TABLE 5

Phosphorus content of the surface and the subsurface soil in the twenty-fourth year of the

experiment

Pounds of phosphorus per 2,000,000 pounds of soil

PLOT NUMBER
TOTAL PHOSPHORUS

APPLIED IN 24 YEARS*

WATER-SOLUBLE
PHOSPHORUS IN
SURFACE SOIL

TOTAL PHOSPHORUS

In surface soil,
!

0 to 6 inches
In subsurface soil,

9 to IS inches

33 0 40 1,200 780

32 419 60 1,380 740

31 i 447 50 1,390 840

34 . 1,144 100 2,105 930

28 l,325t 100 1,830 830

* Calculated from the “guaranteed analysis” of available phosphoric acid of the super-

phosphate. The actual total phosphorus was probably slightly higher.

t Based on an estimate of 4 pounds of PsOs per ton of manure, apparently too high an

estimate.

Retention of phosphorus in the plowed soil

With such large amounts of phosphorus readily soluble in water, it seemed

that there might be some leaching and that the leached phosphorus would be

^ To check on the writer’s technic and particularly to discover any error that might be

due to the presence of elements other than phosphorus, R, H. Simon, of the soils department
of this institution, also made water extracts of these six samples. He soaked 5 gm. of soil

in SOO cc. of water for 24 hours, instead of merely shaking for 30 minutes, then determined
the extracted phosphorus by Zinzadze’s method. In all samples he found somewhat larger

amoimts than those obtained by the writer.

The empirical procedures used here were adopted merety to demonstrate the unusually

large amounts of water-extractable phosphorus in these soils. They were not, of course,

strictly quantitative estimates. Repeated extractions gave larger amounts. For example,
with two samples, Simon obtained the following data (in parts per 2,000,000)

:
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fou,'nd fixed in. the subsurface. Hester’s data as given in table 1 indicate some

such movement. The first subsurface samples were collected in, the sumnier

of 1938,, the twenty-fourth year of the exper.iment.“ The surface soil samples

included t.he top 6 inches; the subsurface, a measured depth of 9 to 15 inches.

Plow depth was about 8 inches.

The data (table 5) show^ed surprisingly little movement of phosphorus, into

the subsurface even, in the continuously phosphated plots with 100 pounds of

water-soluble phosphorus per 2,000,000 of surface soil. Moreover, .if the crops

removed 5 to 10 pounds of phosphorus annually, the rem.ainder was accounted

for chiefly by the accumulation found in the plowed horizon.

The interesting question as to hovr the phosphorus can be partly soluble and

yet be retained has not been studied. The point of chief interest here is that

when this soil was phosphated to a point beyond the requirements of the crops

a large part of the excess remained available in the surface soH instead of

leaching downward.

DISCUSSION AND CONCLUSIONS

The relatively rapid accumulation of available phosphorus in Chenango

fine sandy loam might be attributed either to an initially high phosphorus

content or to a low fixing capacity. The phosphorus content of the unfer-

tilized plots is about 1,300 pounds per 2,000,000, which is not high compared

with some Ohio soils. Of 160 soil samples from diverse points in Ohio analyzed

by Ames and Gaither (1), 43 were found to contain over 1,300 pounds per 2,000,-

000. A relatively low phosphorus-fixing capacity is, therefore, characteristic

of this soil. When the phosphorus content was raised to only 1,500 pounds

per 2,000,000, the available supply was sufficient for the crops grown in this

experiment.

The amount of phosphate fertilizer needed to maintain yields once the

phosphorus level has been raised to this point has not been definitely estab-

lished by field tests. Presumably it would not be necessary to apply more

than the crops remove. Such applications would be a marked departure from

current fertilizer practice. Limited data from applications of 8 tons of manure

per acre, supplying perhaps 10 to 15 pounds of phosphorus, indicate, however,

that this was not quite sufficient to maintain maximum yields of tomatoes and

cabbage; but 16 tons of manure supplied more than needed, as indicated by

the data of table 2.

The tentative recommendation is to include about 200 pounds per acre of

SamphA' Samples

First extraction 90 125

Second extraction 50 86

Tiiird extraction 24
,

^

31

Total of three extractions. ........ 164 242

2 Most of the analyses were made in the laboratory of G. M. McClure, of the soils depart-

ment of the Ohio State University.
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20 per cent superphosphate, or its equivalent, in the fertilizer for unma-

nured soil.

Incidentally, the data show the differences in the phosphorus level required

by the different crops grown here. Sweet corn thrived on soil with as little

as 20 pounds of water-soluble phosphorus (determined by the procedure de-

scribed); cabbage required about SO pounds; cucumbers about 70 pounds;

and tomatoes needed about 100 pounds per 2,000,000 pounds of soil.

SUMMARY

On Chenango fine sandy loam in southeastern Ohio an annual application

of 400 pounds per acre of 16 per cent superphosphate for 16 years resulted in

an accumulation of available phosphorus sufficient to maintain the yield of

tomatoes and cucumbers for 4 years and the yield of cabbage and sweet corn

for 8 years.

When the phosphate applications were discontinued, the total phosphorus

content of the soil was about 1,500 pounds per 2,000,000, of which 100 to 120

pounds were readily extracted by water.

There was little or no leaching of phosphorus into the soil at a depth of

9 to 15 inches. Most of the applied phosphorus was accounted for by the

estimated removal in the crops and by the accumulation in the plowed horizon.

REFERENCES

(1) Ames, J. W., and Gaither, E. W. 1913 Soil investigations. Ohio Agr. Exp. Sta.

Bnl. 261.

(2) Brown, B. A. 1939 Fertilizers for potatoes in southern New England. Am&r, Fert.

90 (4): 9.

(3) CoMiN, D., AND Bushnell, J. 1928 Fertilizers for early cabbage, tomatoes, cucum-

bers, and sweet corn. Ohio Agr. Exp. Sta. BuL 420.

(4) Hester, J. B. 1937 The influence of phosphate fertilization upon the amphoteric

properties of coastal plain soils. Jour. Amer. Soc. Agron. 29: 10-16.

(5) Martin, W. H., Brown, B. E., and Sprague, H. B. 1931 The influence of nitrogen,

phosphoric acid, and potash on the number, shape, and weight of potato tubers.

Jour. Agr. Res. 43 : 231-260.

(6) Odland, T. E., AND Crandall, F. K. 1933 Response of early cabbage to manures and
fertilizers. Amer. Soc. Hort. Sci. Proc. 30: 470-474.

(7) Truog, E. 1930 The determination of the readily available phosphorus of soils. Jour.

Amer. Soc. Agron. 22: S74r-SS2.

(8) Zinzadze, Ch. 1935 Colorimetric method for the determination of phosphorus.

Indus, and Engin. Chem.^ Analyt. Ed. 7: 227-230.



ORGANIC PHOSPHORUS IN SOILS: I. THE EXTRACTION AND
SEPARATION OF ORGANIC PHOSPHORUS COMPOUNDS,

,

FROM SOIL^

W. J. DYER AND C. L, WRENSmULs

Macdonald College

Received for publication October 19, 1940

GENERAL INTRODUCTION

The presence in soil of phosphorus in organic combination has been

established beyond doubt. In the surface layers of many soils, 30 to 85 per

cent of the phosphorus is organic (2, 19, 24, 40). The nature of the compounds
which so exist has not been fully established, however, and there is confusion

with regard to the behavior and the significance of these constituents.

Many of the soils in which the concentration of organic phosphorus is high

are very deficient in available phosphorus. It is therefore clear that growing

plants do not utilize directly to any appreciable extent the organic phosphorus

compounds of soil. Plants take up phosphorus chiefly as the monophosphate

ion, H2PO1 (20, 25, 26, 36), and the dependence of crops on an adequate

supply of readily soluble phosphate is now generally recognized. Hence it

appears likely that, in order to be utilized, organic phosphorus must first be

mineralized, and that the availability of organic phosphorus compounds in

the soil is directly related to their decomposition.

When organic matter is incorporated in soil a rapid decomposition ensues,

in the earlier stages of which fungi play an important part (5, 34, 35, p, 596).

In the presence of soluble phosphate a considerable synthesis of organic

phosphorus takes place simultaneously (5, 33). After the utilization of most

of the easily decomposed energy material, such as hemiceliuloses and cellulose,

bacterial decomposition becomes dominant, and under these conditions a part

of the organic phosphorus may be mineralized again. Thus organic phos-

phorus in the soil may originate from the organic residues added to soil, and

also through synthesis by microorganisms.

Little information is available as to whether the relatively large quantity

of organic phosphorus in soil is mainly an accumulation of inactive and resistant

end-products, or whether as a whole it plays an active part in a phosphorus

^ Contribution from the Faculty of Agriculture, McGill University, Macdonald College,

Quebec, Canada. Macdonald College Journal Series No. 148. Taken in part from a thesis

by W. J. Dyer presented in partial fulfilment of the requirements for the degree of doctor of

philosophy.
2 Research Assistant and Assistant Professor of Chemistry respectively.
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cycle, being continuously synthesized by naicroorganisms and replenished from

plant residues, and simultaneously being decomposed. Some light may be

thrown on this situation by a preliminary consideration of the phosphorus

compounds likely to occur from time to time in the soil.

Five classes of organic phosphorus compounds, originating from plant

residues and microorganisms, could conceivably occur in soils; phospholipids,

sugar phosphates and related compounds, phosphoproteins, nucleic acids, and

phytin and its derivatives. The evidence available indicates that, under

suitable culture conditions, all these types of compounds are readily attacked

by enzymes which are present in soil microorganisms (7, 8, 15, 17, 21, 27).

Similarly, the phosphorus of these compounds is assimilated by plants from

culture solutions, as shown by Schreiner and Skinner (25) and by Weissfiog

and Mengdehi (36), although the latter workers found that phytin phosphorus

was the least readily utilized. Auten (3) showed that lecithin, nucleic acid,

and phytin were decomposed to the extent of 60 to 80 per cent in sand cultures,

and Heck and Whiting (12, 37) found that phytin phosphorus was utilized by

oats and clover in sand cultures.

Consideration of these findings makes it very difficult to assume an accumu-

lation of stable forms of organic phosphorus in the soil. On the other hand, it

seems equally difficult to suppose that high concentrations of labile compounds

can be maintained through synthetic activities. Perhaps it is significant that

the foregoing conclusions are mainly qualitative and are based on observation

of artificial cultures, where conditions peculiar to the soil could not exert their

influence.

Very little is to be found in the literature relating to the fate of organic

phosphorus compounds in the soil itself. Hilbert et al. (13) and Spencer and

Stewart (31) have recorded results which indicate that glycerophosphates are

readily mineralized in the soil. Kelley (16) and Neubauer (18) observed that

casein was rapidly decomposed in soil. According to Neubauer, the phos-

phorus of nucleic acid was about 70 per cent assimilated by rye seedlings

growing in sand or mixed soil-and-sand cultures. On the other hand, phytin

phosphorus was not taken up from soil-and-sand cultures, although it was well

utilized in the pure sand cultures.

This last observation suggests that some constituent of the soil influences

the utilization of phytin, probably by inhibiting its decomposition. It is well

known that phytin forms a highly insoluble ferric salt, a fact wdiich might

account for its being Affixed” on coming in contact with soil.

The recent observation of Gulland and Jackson (11) that ribonucleic acid

is only 75 per cent dephosphorylated by various combinations of enzymes,

leaving a residue of unknown constitution, appears to be of the greatest

significance in this context. Should this be true of the nucleic acid decomposi-

tion taking place in soil, it would account for the occurrence in soil of stable

and inert nucleic acid derivatives.

Some work has been done directly on the separation and identification of the
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organic phosplioms compounds in soil. Ether-soliibie pliospiiorus is .known

to be present only to the extent of about 1 per cent of the total organic phos-

phorus (Ij 32, 39). Shorey (28) separated material which was considered

to be nucleic acid.
,

Bottomle}^ (4) obtained a preparation from, peat whic,h he

thought was an adenine-uracil dinucleotide. Wrenshall and MxKibbin (39)

also separated material from which adenine and uracil were obtai.ned.

Stoklasa (32) attempted to isolate phytin from an orga,ii.ic soil but failed to

obtain sufficient product for purposes of identification.

The investigations which are reported in this series of papers were further

efforts to characterize the organic phosphorus compounds of soil. The problem

has been approached in two ways, by direct attempts to separate and identify

the soil products, and by consideration of the decomposition of organic phos-

phorus compounds in the soil itself. Throughout the work quantitative

considerations have been kept in mind.

ANALYTICAL METHODS

The methods of phosphorus determination employed were developed in this

laboratory specifically for the purpose of conducting these investigations.

The photoelectric technic for inorganic phosphate colorimetry developed by
Dyer and Wrenshall (9) and further elaborated by Smith et al. (30) makes

possible accurate determinations even in highly colored soil extracts. Organic

phosphorus in soils and soil extracts has been determined by the method of

Wrenshall and Dyer (40) in which organic phosphorus represents the difference

between inorganic phosphate determined directly and total phosphorus

determined after Mg(N03)2 fusion.

I. THE EXTRACTION AND SEPARATION OF ORGANIC PHOSPHORUS
COMPOUNDS FROM SOIL

When the task of preparing specimens of soil nucleotide material was under-

taken, the yields obtained were very disappointing, and it soon became evident

that the procedure of Wrenshall and McKibbin was very inefficient when

generally applied. Briefly, this procedure consists of the following steps:

The soil is leached with N HCl to remove calcium and then is extracted with

cold 4 per cent NH4OH for 24 hours. Excess ammonia is evaporated from the

extract, and a-humus is precipitated by acidification with HCl or HNOs.

The filtrate is evaporated under vacuum to a small volume, and the nucleotides

are precipitated by addition of HGl and a large excess of alcohol. The products

so obtained in several experiments contained only 5-10 per cent of the total

organic phosphorus in the original soils. Reprecipitation of the a-humus gave

only a further 3 per cent yield. Not only was it difficult to obtain sufficient

amounts of material for the work, but it was felt that the ultimate aim of the

investigation would not be attained unless a large proportion of the total

organic phosphorus could be separated and identified.

Analyses of extracts showed that only about 25 per cent of the organic
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phosphorus had been brought into solution by extraction with cold NH4OH,

and furthermore that of this, not more than 60 per cent passed into the filtrate

from the a-humus. These results led to a study of various methods of extrac-

tion and of the partition of organic phosphorus between the a-humus

precipitate and filtrate.

EXPERIMENTAL

Efficiency of extraction

A 4 per cent NH4OH solution and a 1 per cent Na2C03 solution were com-

pared as extractants for organic phosphorus, with and without preliminary-

leaching of the soil with N HCL The soil used was Ste. Clothilde muck,

20-gm. samples of which were extracted with 200 cc. of alkaline solution, by

shaking occasionally for several hours and finally allowing to stand overnight.

For the hot ammonia extraction, the bottles were closed and heated for several

hours on a boiling-water bath, with occasional shaking. The mixtures were

filtered on Buchner funnels and washed with water. Analyses of the extracts

are given in table 1.

From table 1 it may be seen that cold solutions of Na2C03 and NH4OH
applied to the unleached soil were very inefi&cient extractants for organic

phosphorus, whereas hot ammonia gave 58.4 per cent extraction. Preleaching

with HCl was very effective in increasing the organic phosphorus extracted

by the alkaline solution. Extraction with cold ammonia, preceded by acid

leaching, was much more efficient in these small-scale experiments than it

was in the attempts at isolation. Throughout this work it has been observed

that the efficiency of small-scale experiments could not easily be attained when

the procedures were applied to larger amounts of soil. Hot ammonia following

leaching with HCl completely extracted the organic phosphorus from this soil.

The effectiveness of acid leaching in promoting the alkali solubility of soil

organic matter has been known for a long time and has been attributed to the

insolubility or resistance to dispersion of calcium and other metal complexes

of the colloidal organic material. As regards the organic phosphorus com-

pounds, in the light of our final isolation of phytin (10), the effect may be

ascribed in part to the precipitation of calcium phytate in alkaline solution.

This supposition is supported by data in table 1 . When Ca(N03)2 was added

to the NH4OH extract before filtration, the organic matter in the filtrate was

lower by 22 per cent, whereas the organic phosphorus was 67 per cent lower,

indicating a specific precipitation of organic phosphorus.

The ratios of organic phosphorus to organic matter in the extracts, as given

in the last column of table 1, are remarkably uniform with the exception of

treatment 8. Flobson and Page (14) found a similar relation between the

carbon and nitrogen extracted. Our results are in support of their conclusion

that organic matter is bound in the soil in such a way that even the water-

soluble constituents may not be brought into solution unless the colloidal



ORGANIC PHOSPHORUS IN SOILS: I 163

complex as a whole is acted on by dispersing .agents. .Eve,n after the organic

matter is peptized, it is difiicult' to effect any clear-cut fractionatio.ii
.
of the

carbon, nitrogen, and phosphorus compounds.

TABLE 1

Pkospkoms and organic matter in alkaline extracts of muck soil

Weights per 100 gm. of soil

j

i

TREATMENT i

j

I

1

DIRECT 1

P,
i

i

1

TOTAL
1

P
ORGANIC

P

ORGANIC
:

P AS PEE
CENT

TOTAL SOIL
ORGANIC

P*

!

TOTAL ‘

SOLIDS
;

1

,

j

1

ORGiANIC :

j

mmiiR '

1

ORGANIC
.P

ORGANIC
Mi\rTER

1
mgm. mgm. mgm. gm. gm. gm.

Direct:

1. NasCOs 3.32 3.45 0.13 0.24 5.53 5.16

2. NH4OH 2.29 10.00 7.71 14.0 6,95 1.18 5.77 1.34

Washings 2.83 6.85 4.03 7.33 3.32 0.59 2.73 1.48

Total 11.74 21.3

3. NH4OH (hot) 5.60 37.65 32.05 58.4 22.89 1.84 21.04 1.52

Peeleached:

4. HCI, NasCOs 5.66 14.84 9.18 16.7 7.62 ; 4.65

5. HCI, NH4OH 4.00
1
31.88 27.9 50.7 18,67 1.17 17.50 1.59

5(a). Second NH4OH ex-

traction 1.04 11.80 10.8 19.7

Total. 38.7 70.4

6 . N/10 HCI, NH4OH 6.00 26.40 20.40 37.1 15.63 2.00 13.63 1.50

7. HCI, NH4OH (hot) 5.00 62.00 57.00 103.1 40.66 1,06 39.26 1.45

8 . HCI, NH4OH (hot) +
Ca(N03)2 1.05 21.10 20.10 36.4 35.40' 4.71 30.69 0.65

* Total soE organic P = 55.0 mgin. P per 100 gm. soil.

Partition of organic phosphorus between humic acid precipitate and filtrate

The extraction with hot ammonia, preceded by leaching with HCi, was

tested on several soils, in a further series of small-scale experiments. At the

same time the partition of organic phosphorus between the o:-humus precipitate

and filtrate was studied. As before, 20-gm. samples of soil wxre leached with

N HCI, washed, then digested on the steam bath with 200 cc. of 4 per cent

NH40H,' filtered, and washed. Aliquots of the acid and alkaline extracts were

analyzed for organic phosphorus. The alkaline extracts were then acidified
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with HNO3 to precipitate a-humus, and the filtrates therefrom were also

analyzed for organic phosphorus. The results are given in table 2.

The extraction of organic phosphorus by leaching with N HCl was of minor

proportions. The organic phosphorus obtained in the hot ammonia extracts

ranged from 77-92 per cent of the total. The proportion which passed into

the filtrate was very small, however, being only from 7 .8-10.5 per cent for all

except the muck soil, where 28 per cent remained in solution. These results

disclosed the second reason why such poor yields have been obtained in our

TABLE 2

Organic phosphorus distribution in acid and ammonia extracts and in the a-humus filtrates

of various soils

Weights per 100 gm. of soil

SOIL

ACID EXTRACT ammonia extract a-HXJMCrS filtrate

Inorganic

P

Total

P
Organic

P

Organic

P
as

per

cent

total

organic

P

Inorganic

P

Total

P
Organic

P

Organic

P
as

per

cent

total

organic

P

Inorganic

P

Total

P
Organic

P

Organic

P
as

per

cent

organic

P
in

NHs

extract

mgm. mgift. mm. mgm. mgm. mgm. mgm. mgm. mgm.
\

Ste. Clothilde

Muck. . .

.

..1 5.51 6.99 1 .48
*

2.7 2.70' 44.8 42.1 77.0 3.68 15.5 11.8 Z8.0

Podzol ..2 1 . 52 ! 3.711 2.19! 5.6 5.861 40.8 34.9 90.5 1.38 4.98 3.6 10.3

Macdonald Col-

lege ..3 37.9 38.8 : 0.9 2.1 25.6 59.0 33.4 78.0 18.4 21.2 2,8 8.4

Podzol 4^ 1.74 3.65 I . 91I 6.86 52 . Oi 45.1 3.20 6.91 3.7 8.2

Podzol ..... .. 5* 3.54 5.41 1.87i 8.38 47.4 39.0 4.65 8.04 3.4 8.7

Halliday Podzol,
1 1

Ai Layer. ..6 17.9 21.0
i

3.1
!

2.3 9.62 134.0 124.4 91.0 7.83 20.4 12.6 10.1

Halliday
i

(moist) . .

.

T 16.1 18.8 2.7 2.4 7.98 109.0 101.0 92. 0| 6.88 17.5 10.6 10.5

Podzol . .
8*1 1.90 4.17j 2.27j 8.10 46.8 38.7 j 2.34 5.37 3.0 7.8

* The organic phosphorus content of soils 4, 5, and 8 was not determined.

attempts at isolation. They were disconcerting because earlier reports (23,

28) indicated that by far the larger part of the organic phosphorus passed into

the filtrate, and the data of Yoshida (41), published since this work was com-
pleted, show that almost all the organic phosphorus in NaOH extracts of

Hawaiian soils escaped precipitation. The distribution may be expected to

vary with different types of soil, but there is a suggestion here that it may be

more favorable in NaOH than in NH4OH extracts and may be affected by ap-

parently minor differences in procedure. In this laboratory the use of NaOH
as an extractant was abandoned (4, 6, 9, 38) because of the high salt concen-

trations which finally resulted.
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A search was made for some means of obtaining a more lavorabie distribution

of the organic pliospliorus in the ammonia extract. The.' results of Schollen-

berger (23) indicate that acetic acid causes less precipitation of organic phos-'

pliorus than do the strong mineral, acids. This was found to be true, but the

ratio of o,rgamc phosphorus to organic matter in the acetic acid filtrate was

about the same as in the HNO3 filtrate. This was due to incomplete precipita-

tion of the a-humus fraction, which then, in the .fina.i separation with alcohol,

contaminated the precipitate containing the organic phosphorus. The use of

acetic acid thus results finally in a disadvantage rather than an adva.!itage.

It was noted that the partition 'was poorest in the extracts from .mineral

soils, which suggested that inorganic constituents might be causing the organic

phosphorus to precipitate along with the humic acid. A test was t.berefo.re

made in which ammonium oxalate was added to the alkaline extracts prior to

acidification. Ammonia extracts of soils 1, 2, and 7 (see table 2) were pre-

pared as before. To 100 cc. of each extract, equivalent to 3.3 gm. of soil, 0.5

TABLE 3

Organic phosphorus in a-humm filtrates in the presence of oxalate

Weights per 100 gm. of soil

SOIL TOTAL P INORGANIC P ORGANIC P

ORGANIC P AS
PER CENT OE
ORGANIC P OF
NHs EXTRACT

INCREASE IN RECOVERY
OVER HNOs ALONE*

mgm. mgm. mgm.

1 34.3 12,7 21.6 36.6 8.6 (31%)

2 24.5 13.1 11.4 28.4 18.1 (175%)

7 70.1 15.3 54.8
I

52.0 41.5 (395%)

* Cf. table 2.

gm. of ammonium oxalate w^as added. The a-humus was precipitated with

HNO3. Analyses of the filtrates are given in table 3.

The effect of ammonium oxalate was to increase the quantity of organic

phosphorus passing into the filtrate, while at the same time the separation of

a-humus was as complete as when HNO3 was used alone. The difference was

of material proportions with the podzol soils, and especially with soil 7, where

the proportion of the extracted phosphorus appearing in the filtrate increased

to 52 per cent. On reprecipitation of the a-humus from soil 7 in this experi-

ment only an additional 1.4 per cent of the organic phosphorus was obtained

in the filtrate.

The optimum concentration of oxalate was next determined. Varying

amounts of oxalate were added to 100-cc. portions, equivalent to 2 gm, of soil,

of an ammonia extract of soil 7, and the a-humiis was precipitated and removed

as usual. The analyses of the filtrates, shown in table 4, indicate that the

addition of 0,15 gm. of ammonium oxalate per gram of soilextracted is suflcient

to give the maximum effect. A greater amount of organic phosphorus was
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found in the filtrate when the minimum amount of HNOs required to precipi-

tate a-humus was added, but the precipitate was not well flocculated and

filtration was difficult. The addition of excess acid seemed to be the more

practical procedure.

A suggested interpretation of the observed behavior is that oxalate forms a

complex with ferric iron, and thus, when the alkaline extract is acidified to

precipitate a-humus, the precipitation of ferric phytate along with the a-humus

is hindered.

Separation of organic phosphorus by the oxalate method

Advantage was taken of the influence of oxalate ion in separating organic

phosphorus from 500-gm. samples of the Ai horizon of the Halliday podzol.

After leaching with HCl, the soil was heated overnight with 5 liters of 4 per

TABLE 4

Efect of different amounts of oxalate on the partition of organic phosphorus from soil 7

Weights of P per 100 gm. of soil

TREATMENT

-

C204(NH4)2*
ADDED

TOTAL P T. i

INORGANIC P
I

i

ORGANIC P
ORGANIC P AS
TER CENT OF
ORGANIC P OF
NH» EXTRACT

gm. mgm. mgm. mgm.

1 38.0 20.1 17.9 19.2

2t 0.3 77.5 20.6 56.9 61.0

3 0.3 72.0 22.0 50.0 53.7

4 1.0 72.5 23.3 49.2 52.9

5 0.1 63.5 20.9 42.6 45,7

* Added to 100 cc. ammonia extract (equivalent to 2 gm. soil).

t Acidified just sufficiently to precipitate a-humus. Excess acid was added in all other

treatments.

cent NH4OH, in a closed vessel on a steam bath, maintaining a temperature

of about 75°C. in the mixture. The soil residue was removed, excess NH4OH
was evaporated from the extract, and 75 gm. of (NH4) 2C204 was added before

precipitation of a-humus with HNO3. The filtrate was concentrated, and
organic phosphorus was precipitated as usual by the addition of excess acid

and alcohol. The product was dried in a vacuum desiccator over H2SO4,

The results obtained in three experiments are shown in table 5.

In these experiments the hot ammonia extraction brought into solution 78-92

per cent of the organic phosphorus. The proportion remaining in the a-humus
filtrate was remarkably constant, 52-57 per cent of that present in the am-
monia extract. A small amount of organic phosphorus remained in the

alcoholic filtrate. In experiments G and F the precipitates were collected 1

hour after the addition of alcohol, and it was observed that a small amount of

precipitate formed subsequently in the filtrates. After the addition of alcohol

the preparations should be allowed to stand for several hours before filtering,
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as was done in experiment H. The precipitate obtained in experiment F was
grossly contaminated with salts thrown down by the alcohol. This result

brings out the importance of removing the excess ammonia completely.

The distribution of the organic phosphorus in the various fractions obtained

is given in table 6. Only 3 per cent was removed in the acid preieadiingy and
3-6 per cent was lost in the final alcohol solution. About 6-20 per cent re-

TABLE 5

Results ohiained in ike separation of organic pJwsphorm

!

EXPEEIMEKT ! H G F
!

Ammonia extract

Organic P per 100 gm. soil 100.8 85.3 92.0

Per cent of soil organic P 92.0 78.0 84,0

Inorganic P per 100 gm. soil mgm. 10.

s

13.9 13.2

oj“Humus

Organic P per 100 gm. soil mgm. 57.4 44.5 47,8

Per cent of organic P of NHa extract . .

.

56.9 52.2 52.0

Inorganic P per 100 gm. soil mgm. 9.9 14.3

1

14.9

Alcoholic filtrate

Organic P per 100 gm, soil mgm. \ 3.4
1

7.0 7,0

Inorganic P per 100 gm. soil mgfn. 9.2 12.9
!

14.3

^‘Nucleotide” precipitate
!

Weight gm. 6.1389 5.7878 11.6527

Organic P content per cent 4.05 3.25 1.62

Organic P per 100 gm. soil mgm. 49.7 38.6 38.8

Per cent of organic P of NHs extract . . .

.

49.3 45.2 42.2

Per cent of soil organic P 46.0 35.1 35.3

TABLE 6

Distribution of organic phosphorus in various fractions

Percentages of total soil organic phosphorus

EXPERIMENT ACID
EXTRACT

SOIL
RESIDUE*

ALCOHOLIC
FILTRATE

a-HUMUS SEPARATED TOTAL

H 3.0 6.2 3.1 39.8 : 46.6 98.7

G 3.0 21.7 6.3 37.5 1 35.1 103.6

F 3.0 15.0 6.3 40.5 35.3 100.1

* Includes also the organic phosphorus decomposed by hot ammonia, if any.

mained in the soil residue; this fraction includes also any organic phosphorus

which may have been decomposed by hot NBUOH, Smith (29) having found

indications that a small fraction is labile to boiling ammonia. About 40 per

cent remained with the a-humus precipitate, and from 35-46 per cent was

actually separated. This yield compares very favorably with the yields of

5-13 per cent formerly obtained without the use of oxalate. Table 6 brings
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out the fact that none of the treatments caused any appreciable decompositon

of the organic phosphorus, all of which is accounted for by the methods of

analysis that have been devised.

The claim of Wrenshali and McKibbin to have obtained 65 per cent of the

organic phosphorus from a muck soil was based on the organic phosphorus

content of the cold NH4OH extract, as determined by the method of Potter

and Benton (22). In view of the demonstrated inefficiency of cold NH4OH
as an extractant, it is probable that their product represented a smaller propor-

tion of the total organic phosphorus of the soil.

Nucleotides would be extracted from soil by hot NH4OH, as also would

phytin, provided calcium was first removed. The specific effect of calcium

on the precipitation of organic phosphorus from the ammonia extract, and the

striking effect produced by the introduction of oxalate ion, may be explained

on|the basis of the presence of phytin. The use of hot solutions in the extrac-

tion procedure was originally avoided, since it was thought that destruction

of organic phosphorus compounds would occur. The completeness of extrac-

tion obtained with hot ammonia shows that this effect is small, the organic

phosphorus compounds present being very stable. The product is probably a

mixture of nucleotide substances and phytin.

It has been observed in this laboratory that a part of the soil organic phos-

phorus is stable to treatment with boiling 5 per cent NaOH (29). It was

thought that there might be a difference between the organic phosphorus in the

nucleotide fraction and that remaining in the a-humus precipitate which could

be detected in this way, and accordingly, the stability to alkaline hydrolysis

of the organic phosphorus in these fractions was compared. No significant

differences were found in the stability of the organic phosphorus in the ce-humus

precipitate, the filtrate, and the nucleotide preparation, all being hydrolyzed

to the extent of about 5-25 per cent. The results were rather variable but

showed that these fractions contained a large proportion of alkali-stable

organic phosphorus. This was regarded as further indication of the presence

of phytin, which is known to be highly resistant to alkaline hydrolysis (21).

As far as this test showed, the material separated was representative of the

organic phosphorus of the soil.

STTMMARY

In an investigation of the efficiencies of various procedures for the extraction

of organic phosphorus, it was found that hot 5 per cent ammonium hydroxide,

preceded by leaching with N HCl, gave almost complete extraction.

It was found with the majority of soils that only about 10 per cent of the

organic phosphorus passed into the filtrate from o:-humus. The presence of

oxalate ion caused the organic phosphorus of the filtrate to be increased to as

much" as;'S2.' per .cent.

,

By the use of these modifications, yields of 35 to 46 per cent of the total soil

organic phosphorus were obtained as the ^^nucieotide’' fraction, compared



ORGANIC PHOSPHORirS IN SOILS: I 169

with former yields of 5 to 13 per cent. The a-humus still contained about 40

per cent of the organic phosphorus.

Evidence for the presence in soil of phytin as well as nucieotidk substances

was seen in the behavior of the organic phosphorus of soil toward the extraction

and separation treatments.
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Palestine lias, north of Lake Huleh, a considerable peat deposit, which

differs in many respects from other known peat accumulations. The swampy
character of the Hiileh District results from an eruption of basalt which im-

pedes the complete drainage of the Jordan into the Sea of Galilee. The re-

sultant swamp covers an area of about 5,200 hectares. The vegetation con-

sists chiefly of papyrus {Cyperns papyrus)^ but it also comprises ferns, reeds,

and other aquatic plants (1, 3). In the surroundings of the peat profile de-

scribed in table 1, the plant cover was composed mainly of Papyrus, Phragmites

communis, Polygonum, Bidens tripartita, and Cynanckum acutum. The profile

was dug in June, 1937, about a hundred meters north of the lake near the

Jordan River.

CHEMICAL CHARACTERISTICS OF PALESTINE PEAT

The distribution of organic niatter and of certain inorganic components

and the hydrogen-ion concentration of the peat profile are given in table 2 .

This table shows that peat proper is first encountered at the depth of layer E,

where the water table occurs. Palestine peat contains a high percentage of

mineral matter, a feature common to ail lowmoor peats. The overlying layers

apparently consist partly of alluvial soil, and although rich in organic matter

they nevertheless contain a large quantity of mineral matter. The reaction

of these soil layers is fairly alkaline, whereas the peat itself is approximately

neutral and in layer F even slightly acid. The pH values correspond roughly

to the amounts of calcium carbonate present. The amount of hygroscopic

water is, of course, smallest in those layers (C and D) which contain the least

organic matter. It will be noted that in the bottom layer (I) a much lower

content of organic matter and a correspondingly higher percentage of ash as

compared with the immediately overlying layers are again encountered. As

pointed out in table 1, this layer contains many particles of gray clay. Such

an accumulation of mineral matter in the lowest layer of a lowmoor-peat

profile is common (9, p. 276).

In order to ascertain the composition of the mineral matter in the peat, an

average sample of layers E-I was analyzed. The results, in percentages, \vere

as follows: H2O, 13.95; organic matter, 62.91; Si02 , 4.22; AI2O3 , 0.15; Fe2035

5.31; CaO, 6.99; MgO, 0.17; NasG, 1.34; K2O, 0.24; GO2 ,
L37; SO4 ,

3.10;

P2O5 ,
0.15.
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Most of the Huleh peat layers, like all lowmoor peats, are rich in calcium,

which is present partly as carbonate and partly as sulfate. The latter is

common in phragmites peat. The high content of iron is noteworthy. The

peat is relatively rich in phosphoric acid and potash, but it is not so high in

nitrogen as the more common lowmoor peats.

TABLE 1

Description of a Palestine peat profile

HOKI-
ZON

DEPTH CHAHACTEEISTICS

A
B

cm.

0- lOl

1 10- 20/
Brownish-black clay soil with much organic matter (roots, etc.).

C 20- 40 Brown clay soil with thin roots and yellowish-red concretions of iron.

D 40- SO Brown clay soil.

E 50- 70 Water table. Black peat with many decomposed roots.

F 70- 90 Black peat. Abundant brown plant residues.

G 90-110 Black peat as above. Many red moldered stains. Strong smell of H2S.

H 110-130 Black peat as above. Fewer red stains. Weak smell of H2S.

I 130-150 Black peat with many particles of gray clay. Yellowish-brown remains

of plants. Few red stains. Faint smell of H2S.

TABLE 2

Water
y
CaCOz^ ash^ organic matter, and hydrogen-ion concentration in the peat profile

On an air-dry basis

HOEIZON H2O CaCOa* ASHf OEGANIC MATTEEI pH

per cent per cent Per cent per cent

A 13.10 15.23 58.38 21.81 7.7

B 13,86 14.71 63.67 25.99 7.9

C 9.40 22.13 63.81 17.04 7.9

D 8.53 24.70 62.73 17.86 7.8

E 16.78 2.83 29.87
;

52.10 7.1

F 16.34 0.07 21.09 62.54 6.2

G 20.04 i 1.23 13.09 66.33 7.3''

. .H ! 19.58 4.61 17.01 61.38 7.3

I
'

16.39 9.32 33.86 45.64 7.3

* Calculated from CO2 . f Excluding CO2 . t Nitrogen content 1.53 per cent.

Clearly, the most important for our study are the organic constituents.

Both the peat profde and the two main peat-forming plants were subjected

to a detailed analysis according to the method of Waksman and Stevens (6).

The results of this analysis^ are given in table 3. When the plant materials

^ Such terms as ^^hemiceiluioses’’ and ^^cellulose** have been retained for the sake of con-

venience; it is fully realized, however, that the hydrolyzable fractions need not accurately

represent these constituents.
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and the peat products are compared, it is readily seen from this table that

important changes have taken place. The ether-soluble fraction (ethereal

and fatty oils, part of the waxlike and resiniike substances), the alcohol-soluble

fraction (phlobapheiies, waxes, resins, alkaloids, chlorophyll, etc.), and the

water-soluble fraction (sugars, organic and amino acids, alcohols, soluble

proteins, part of the starches, tannins, and pectins, etc.) are greatly decreased

ill the peat, as are also the hemicellulose and cellulose fractions. Since the

uppermost layers contain much alluvial material and since all the layers are

very rich in salts, percentage increases in the lignins and proteins, calculated

on a water- and ash-free basis, are verx” pronounced. Results calculated on

this basis are shown in table 4. It will be seen that the decreases of hemi-

celluloses and cellulose are slightly greater in the real peat layers than in the

TABLE 3

ComposUmt of peat-forming plants and of peat materials

Percentages of total dn^ matter

ETHES-
SOLUBLE
FRACTION

ALCOHOL-
SOLUBLE
FRACTION

WATER-
SOLUBLE
FRACTION

HEMICEL-
LULOSES

CELLU-
LOSE

LIGNIN PROTEINS ASH

Plants

Cyperus papyrus .... 1.43 3. OS 14.39 21,35 25.74 12.15 9.49 4.53

Phragmites communis. 2.45 2.67 17.59 21.26 23.45 9.59 10.62 10.95

Peat

A O.IS 0.15 1.45 2.04 0.92 13.23 4.88 74.72

B ^ 0.19
i

0.20 1 1.05 ^ 2.01 1,02 13.23 4.86 69.86

C ' 0.16 0.11 1 1.34 1.94 1.01 6.24 3.13 81.19

D O.U 0,10 0.91 1 1.92 0,95 5,36 2.93 80.49

E 0.30 0.51
:

1.18
;

4.43 1.96 33.68 10.16 37.39

F 0.27 0.66 1.49 4.60 2.76 45.14 10.18 25.22

G 0.23 0.81 1.48 4.64 3.39 49.11 9.21 17.01

H 0.35 0.81
!

1.49 4.58 2.12 49.73 9.54 23.68

I. 0.25 0.78 i 1.52 3.96 1.44 34.23 7.42 45.45

alluvial layers. The corresponding accumulation of lignins is to be ascribed

to their resistance to decomposition. The decrease in water-soluble material

is less in the uppermost layers (especially C and D) than in the true peat layers

and, correspondingly, the increase in lignin is not quite so great here. The

remarkable increase in the protein fraction in all layers may be regarded as

due to the synthesis of nitrogenous microbial cell substances, resistant to rapid

decomposition, as shown by Waksman and Stevens (7). These nitrogenous

cell substances seem, nevertheless, to be subject to decomposition under

anaerobic conditions, since the percentage of the protein fraction^ diminishes

gradually from top to bottom.

The distribution of nitrogen both in peat-forming plants and in the peat

® The “protein fraction” does not, of course, necessarily consist of true proteins.
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profile is shown in table 5. As in all peats (6), the water-soluble nitrogen

fraction (ammonia, nitrate, amino acids, soluble proteins) is very low. This

TABLE 4

Chemical composition of peat-forming plants and of peat materials

Percentages of water-free and ash-free material

WATES-SOLU-
BLE FRACTION

HEMICELLXJ-
LOSES

CELLULOSE
[

LIGNIN PEOTEINS

Plants

Cyperils papyrus 16.42 24.37 29.37 18.37 10.83

Pkragmites communis

.

.

.

20.11 1 24.25 26.75 10.93 12.12

Peat

A 6.35 8.93 4.03 57.90 21.35

B 4.65 8.91 4.52 58.65 21.54

C 9.62 13.93 7.25 44.79 22.47

D 7.41 15.63 7.74 43.65 23.86

E 2.26 8.48 3.76 64.48 19.46

F 2.29 7.07 4.24 69.34 15.63

G 2.15 6.73 4.29 71.32 13.38

H 2.17 6.67 3.08 72.49 13.90

I 3.07 7.99 2.90 69.01 14.96

TABLE 5

Nitrogen distribution in peat-forming plants and in peat materials

Percentages of total nitrogen

WATER-SOLUBLE HYDROLYZABLE BY
DILUTE ACIDS

NONHYDROLYZABLE BY
DILUTE ACIDS
(“humin” N)

Plants

Cyperus papyrus 9.9 25.7 64.4

Fhragmites communis 10.5 25.0 64.5

Feat

A 4.7 28.1 67.2

B 4.4
i 27.6

1
68.2

C.... 4.4 22.0 73.6

D ! 5.3 24.1 70.6

E...... 3.7 24.8 71.5

F...... 3.7 34.5 61.8

G.. 4.2 1 20.5 75.3

H.. 4.0 22.6 73.4

I.... 4,8 14.6 80.6

is largely true also of the nitrogen hydrolyzable by dilute acids (true proteins).

Greenhouse experiments on the availability of nitrogen in Huleh peat carried

out by us have yielded negative results, a finding obviously attributable to
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the relative insolubility of the greater part of the nitrogen. The amount of

insoluble “huniin” nitrogen present is rather high, but is normal when com-

pared with other types of lowmoor peat. The percentage of water-soluble

nitrogen is much higher in the living plant than in the peat. Similar observa-

tions were made by Waksman and Stevens (7), who ascribe the relative de-

crease of soluble nitrogen in tlie peat partly to assimilation by growing plants

and partly to the action of microorganisms which decompose the heiiiicelluioses

and cellulose. In fact, ail our figures point to the secondar}^ formation of

insoluble proteins, as demonstrated by Waksman and others (2, 5).

TABLE 6

Compositimi of various plants which give rise to peat

Percentages of total dr\" matter

PLANT

w
5

0
a;

Pi

1

1
2
g

0
1

<

WATER-SOLUBLE

«
a
yj

0
a
a
H.

S
m
S

CELLULOSE

LIGNINS

2
§H
O
«
an

(0

<

Typical for

lowmoor

peats

1

Ciadium*

Carex*

Cyperus papyrus

Pkragmites communis

1.14

2.54

1.43

2.45^

3. os'

i

2.67

6.87

12.56

14.39

17.59

21.45

18.36

21.35

21.26
i

28.31

28.20

25.74

23.45

29.09

21.08

12.15

9.59

7.19

7.08

9.49

10.62

3.89

3.30

4.53

10.95

Typical for
!

bighmoor

peats

Sphagnum*

Sphagnumt

Sphagnum!

1.47

1.94

2.54

2.97

2.23

3.86

6.02

10.11

130.82

j21.91

j26.79

21,13

28.57

128.69

6.97

18.81

16.20

5.88

4.05

2.73

3.18

5.10

3.24

According to Waksman and Stevens (7).

t According to Kivinen (2) and Waksman (8).

PALESTINE PEAT IN COMPARISON WITH OTHER PEATS

The chemical and physicochemical properties of a peat are closely linked

with the nature of the plant associations from w-hich the peat is derived. The

nature of these plant associations depends on climatic conditions and on such

ecological factors as the chemical composition of the water. If only the two

principal peat types are taken into account, it may be said that, in general,

waters rich in calcium and other nutrients favor the development of sedges

and reeds and ultimately give rise to a low^moor peat; on the other hand, telluric

waters or waters originating from soils poor in soluble minerals favor the de-

velopment of mosses and bring about the formation of a highmoor peat.

Table 6 shows, however, that the chemical composition of different plant

species is not so specific as might theoretically be supposed; such differences

as are actually found may, in many cases, be explained by differences in

development, age, and ecological conditions (2). The main difference apparent

from these figures is in the protein content, which seems to be much lower in

mosses than in sedges or reeds. Nevertheless, the corresponding peats show
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much more marked differences, and these must be ascribed to differences in

the ecological conditions of the locality concerned, which in turn are largely

determined by climatic factors.

Just as differences in climate may cause the same parent rock to yield essen-

tially different soil types, so differences in climatic and ecological conditions

may cause plants of similar composition to yield essentially different peat

types. On the other hand, it must be borne in mind that, just as the nature of

the parent material has a certain effect on soil formation, so also the nature

of the plant exerts a considerable influence on the resulting peat. The nitrogen

content of the plant is particularly important in this connection.

A lowmoor peat is characterized mainly by a low content of cellulose and

a relatively high content of lignins, proteins, and ash; a highmoor peat, on the

TABLE 7

Nitrogen^ mineral contenty and pH of various peats

On the basis of total dry matter

1

TYPE OP PEAT PLANT PORMATION NITROGEN
PHOSPHORIC

ACID
POTASSIUM

CALCIUM
OXIDE pH

per cent per cent per cent ' per cent

Highmoor* Sphagnum 0.64-0.74 0.03-0.04 0.02-0.03 0.15-0.65
,

3. 5-4.

5

Lowmoor* Carex 2.47-2.94 0.14-0.20 0.05-0.06 1.80-4.50 5. 5-6.

5

Phragmites 2.29-3.32 0.09-0.28 0.09-0.19 1.80-4.50 5. 5-6.

5

Palestinef Cyperus papy-

rus and

Phragmites

communis

1.53 0.15 0.24 6.99 7.1

* According to Waksman (9, pp. 264, 276). fAverage sample.

other hand, is poorer in the latter constituents and richer in the former. Con-

sequently, lowmoor peats consist of much better decomposed plant residues,

their percentage of lignin, the end-product of decomposition, being greatly

increased. At the same time, synthesis of proteins by microbic cell activity

takes place. Highmoor peats have a much lower percentage of proteins,

and because, in turn, greater proportions of hemicelluloses and cellulose are

still intact, the physicochemical qualities of these peats are very different

from those of lowmoor peats.

Tables 7 and 8 illustrate the differences between peats and indicate the

relative position of Palestine peat, a product of the Mediterranean climate.

The amount of mineral matter in Palestine peat is extraordinarily high and
must be ascribed to the prevailing climatic conditions. As the climate is

Mediterranean, a rainy winter season alternates with a completely dry period

in summer (4). Under these conditions the water table is subject to frequent



PALESTINE PEAT 179

fluctuations. The upper layers of the bog may dry out in, summer and thus

cause a capillary water movement from the lower layers to the surface. In

consequence, salts are not leached out but concentrate in the uppermost layers,

which also increase in lime content. Because the salts are not leached out,

Palestine peat is rich in phosphoric acid and potash, nutrients which are im-'

portant for bacterial activity. Closely associated with tlie high content of

calcium in most layers is the hydrogen-ion concentration, which is near the

neutral point and lower
.
than that in lowmoor peats generall}n In consequence,

organic compounds in Palestine peat are saturated by bases. To this pecu-

liarity, the high degree, of decomposition in this peat must be partly ascribed,

since a slightly alkaline reaction is most favorable to bacterial activity. The
drying up of the top layers favors aerobic processes, and these too cause de-

TABLE S

Organic composition of mrious peats

Percentages of total drj^ matter

TYPE OF PEAT PLANT FOEKATION
ETHES-
SOLU"
BLE

ALCO-
HOL-
SOLXT-

BLE

WATEE-
SOLU-
BLE

HEMI-
CELLU-
LOSES

CELLU-
LOSE

LION,IN
PRO-
TEINS

ASH

Highmoor Sphagnum* 3.96 16.24 19.91 38.26 6.58 1.50

Sphagnumt 3.53 4.56 7.82 18.15 16.55 38.53 3.81 1.48

Lowmoor Phragmites and
'

C>i)eraceae*

1.10
1

1.24 : 8.95 0 50.33^ 18.72 10.13

Cyperaceaef 4.73 5.10 2.98 12.32^ '

5.44; 41.78 14.72 4.95

Palestine Cyperus papyrust

and Phragmites

0.28

j

0.71

1

1.43 4.44 2.33 42.38: 9.30 29.75

* Waksman (8, p. 187). t Kivinen (2, p. 22). t Average of layers E-I.

composition processes to proceed much more intensively. The high tempera-

ture prevailing throughout the year likewise favors bacterial processes.

Table 8 shows the organic composition of Palestine peat in relation to other

types of peat. From this, it may be seen that, compared -witii other lowmoor

peats, Palestine peat possesses a relatively low amount of proteins. This

circumstance might be ascribed to the presence of calcium, Avhich causes

nitrogen to be liberated and thus counteracts the synthesis of proteins by

bacteria. The figures for cellulose and hemicelluloses in Palestine peat are

very characteristic: because of the prevailing high degree of decomposition

they are much lower than the figures for these products in other lowmoor

peats. The same is true also of the ether- and alcohol-soluble substances,

their great resistance to decomposition notwithstanding. It is only because

of the high ash content that the increase in lignin is not pronounced (cf. table

4, where all figures are calculated on an ash-free basis).
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CONCLUSIONS

Palestine peat is a lowmoor peat, characterized by a high ash content. This

wealth of mineral matter is due to the Mediterranean climate, which causes

the drying out of the uppermost layers in summer and a consequent accumu-

lation of salts in the peat. Sufficient amounts of nitrogen, potash, phosphoric

acid, and calcium to enable strong bacterial activity are present.

Because of the relatively high content of calcium, the peat is saturated with

bases and possesses a neutral to slightly alkaline reaction in most layers.

Decomposition is very advanced because of high temperature, the pPI reac-

tion, and the presence of nutrients which favor bacterial activity and because

of aerobic conditions which prevail in the uppermost layers during summer.

The high degree of decomposition causes a great increase in lignin, on the

one hand, and a very pronounced decrease in hemicelluloses, cellulose, waxes,

and fats, on the other. As in all lowmoor peats, a synthesis of proteins has

occurred, although to less than the usual extent. This may be due to the

neutral to slightly alkaline reaction, which favors the decomposition of nitrog-

enous substances and thus offsets protein formation*

Differences in the chemical composition of various types of peat are, in

general, more marked than the differences in the composition of their corre-

sponding plant sources. The former differences must be ascribed, therefore,

not so much to the particular chemical character of the plant formations as

to the prevailing ecological differences, which in turn are dependent on climatic

factors.

A high degree of decomposition, coupled with a high ash content, accounts

for particular physical and physicochemical properties of the Huleh peat.
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The productive value of a soil is commonly dependent upon its structure

(3j 5, 6). A current problem in soil science is to devise apparatus and proce-

dures to measure and to specify soil structure quantitatively. The most

important of the features that require measurement are known, but present

apparatus and procedures are still inadequate to give the necessary informa-

tion, and their development is in a state of flux. Russell (4) lists three main

types of investigations that have been used for the specification of soil struc-

ture; namely, determinations of permeability, of porosity, and of aggregate

size distribution.

The size distribution of soil aggregates is fundamental to the description of a

soil under specific conditions, and a knowledge of the stability of these aggre-

gates in water is a material aid to the prediction of the structural behavior

of the soil under the influence of varying conditions, such as changes in moisture

content, temperature, and porosity.

The water-stable aggregate size distribution may be determined with the

sedimentation tube developed by. Cole and Ediefsen (1), the size ranges of the

aggregates being expressed in terms of settling velocit}?- in water and not

convertible to dimensions of mass or length. This method has given good

results in this laboratory and elsewhere (3). It is not suited to routine soil

structure studies,, however, because of the time required to make an a.nalysis.

Field structure, even in small experimental plots, is so variable that a large

number of analyses must be made in order to- obtain statistically reliable

results. The structure of the soil is also transitory and may change in, samples

during storage. One of the requirements, .then, of an apparatus for measuring

the aggregation of field soils, is that it lend itself to rapid determi.nations.

This paper describes a sedimentation tube and technic for making water-

stable aggregate analyses which are comparable to those of Cole and Ediefsen

and which can bemade in approximately o.ne-teiith the time. A minimum of

2 days is required to make a single analysis by the Cole and Ediefsen procedure,

whereas four to five analyses can be made daily by the use of the modified tube

and technic described in this paper.

THE MODIFIED SEDIMENTATION TUBE

The modified tube (pi. 1, fig. 1) is similar in form to that of Cole and Edief-

sen, consisting of an outside tube 36 inches long with a segmented liner of the

181
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same length made up of 2>indi segments machined to fit. The only drainage

outlets in the Cole and Edlefsen tube are small screw holes in the end caps.

For drainage, the modified tube has brass blocks f inch in diameter and

I inch high soldered on the outside of the outer tube at 2-inch centers along

its axis, thus providing a block opposite the longitudinal center of each seg-

ment of the liner. Holes are provided, such that when the tube is in a hori-

zontal position with the blocks upright, a vertical hole extends through each

block, the outer tube, and through the liner at the center of each segment.

The blocks are tapped to receive |-inch pipe plugs.

The only other difference between the modified tube and that of Cole and

Edlefsen is the means used to secure the caps which close the ends. Instead

of threaded caps and tube ends, the caps are secured by wing nuts threaded on

lugs which are soldered to the tube.

In addition to the sedimentation tube, an arrangement of siphons to control

drainage of the tube is used. An individual siphon is provided for each seg-

ment, with these individuals so interconnected as to enable easy control of the

over-all drainage rate and likewise to ensure the same rate from each segment.

The arrangement and the operation of the siphoning device are made clear

in plate 1 and in the explanation of the technic for making a water-stable

soil aggregate analysis.

The tube is assembled for filling by putting on the bottom end cap, inserting

the liner segments, and screwing the pipe plugs into the brass blocks on the

side. The tube is filled to near the top with distilled water before the soil,

slaked in a beaker outside the tube, is poured into it. After this partial

filling, the top cap with the petcock removed is placed on the tube, and the

temperature of the water is recorded from a thermometer inserted through

this cap. The tube is then completely filled with water and the petcock

screwed into the cap. It is now ready for mixing and sedimentation, which

are conducted according to the procedure of Cole and Edlefsen.

After mixing and sedimentation, the tube is carefully removed from the wheel

and placed on the siphoning rack, the plugs are removed, and a powdered

flocculating agent, hydrated potassium alum, is introduced into the suspension

through the holes in the side. The flocculation produced causes rapid settling

of the suspension and allows rapid drainage without altering the axial distribu-

tion of the sediments.

Immediately after the introduction of the flocculating agent, siphon tubes

filled with water are lowered vertically through the holes in the sedimentation

tube until they touch the bottom of the liner segments. After the interval

allowed for flocculation and settling, the siphons are started by progressively

lowering the siphon bottles to such an elevation that the water level in the

bottles after the tube is fully siphoned will be slightly below the bottom of

nhe sedimentation tube. An average flocculation and settling time of 30
minutes, and a drainage time of 1 hour were satisfactory for the soils used.
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The siphon bottles, one for each siphon, are closed with two-liole rubber

stoppers pierced by two tubing leads, the siphon lead and the air outlet lead.

The siphon leads are always submerged in the bottles, extend tliroiigh the

stoppers, and connect through rubber tubing to the siphon tubes. The air

outlet leads extend just into the tops of the bottles and are connected to a

manifold which has its outlet in a bubble tube leading to near the bottom of a

large barostat bottle shown at the left in .figure 3, plate 1. The water .level

in this bottle is controlled and ma}^ be gradually lowered by slow .
drainage.

The elevation, of the water in the barostat bottle determines the air pressure

that must be attained befo.re air can escape fro.m t.he bubble tube.. This

control of the air pressu.re and the difference between the water elevation in

the sedimentation tube and the bottles control the rate of siph.oni.ng. After

TABLE 1

Mean percentages and standard errors of means of Yolo loanij with seiiling velocities equal to or

less than definite values, as measured hy the Cole and Edlefsen and by the

modified sedimentation tube -method

MAXIMUM
COLE AND EDLEFSEN MODIFIED TUBE

SETTLING VELOCITY
Mean percentage S.E.

1

Mean percentage S.E.

cm./sec.

0.2 35.5 0.31 35.6 0.30

0.4 41.0 0.27 40.8 0,31

0.6 46.8 0.40 45.7 0.27

0.8
{

51.1 0.45 52.0 1
0.38

1.0
'

56.5 0.43 57.6 0.36

1.2 60.5 1 0.39 61.6 0.31

1.4 66.5 0.41 65.2 0.27

1.6 70.5 0.32 69.5 0.25

1.8 74.5 0.31 73.6 0.26

the siphon bottles have been lov^ered to their final position, siphoning is con-

tinued to completion by progressively lowering the water level in the barostat.

The results of aggregate analyses obtained by the Cole and Edlefsen tube

without flocculation and those obtained with the modified tube by the technic

described in this paper are compared in table 1. Seven analyses were made

with each tube on a sample of air-dry Yolo loam.

The density of the suspension in the two lowest segments obviously affected

the settling velocities through these segments. Results from the bottom

three segments were not utilized in calculating the settling velocity distribu-

tion. Thus, approximately 74 cm. of a 36-inch tube was available for particle

differentiation. Dependent upon the temperature of the water in the tube

and for settling velocities corrected for water at 2D®C., this length of tube

will measure settling velocities of 2.1 to 2.5 cm. per second in the temperature

range of 26 to 19°C.
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DISCUSSION

The analyses made with this tube and technic do not cover the full range of

aggregate size normally found in field soil. Most of the analyses in this labora-

tory have been made on Yolo loam in which 20 to 40 per cent by weight of the

soil was in aggregates with settling velocities greater than 2.0 cm. per second.

Results from the use of this tube in our laboratory confirm the conclusion of

other workers (2), that the summation percentages of the aggregate sizes

measurable by the sedimentation tube are inversely related to aggregation;

i.e., a low summation percentage indicates a well-aggregated soil and vice versa.

There are several possibilities for extending the size range of aggregates that

may be determined by the sedimentation tube method; using a longer tube,

making analyses at lower temperatures, or using a liquid of greater viscosity

than water. Aggregation however, may vary with temperature and may be

altered by a liquid other than water. It would probably be practicable to

use a tube as long as 5 feet. A 5-foot tube, using a 30-second sedimentation

time, would measure aggregates with settling velocities of 4.0 cm. per second.

SUMMARY

The importance of soil structure in soil evaluation, and the present state o^

knowledge and means for its quantitative specification, render the develop"

ment of apparatus and procedures for such specification a fundamental cur-

rent problem in soil physics. The size distribution of water-stable aggregates

is an important criterion in the solution of this problem.

The normal variation and dynamic character of soil structure in the field

and the inadvisability of long-time storage of soil samples for later stud3q
require that structural analysis be made rapidly.

A sedimentation tube and technic are described, by which the number of

aggregate distribution determinations that may be made in a given time is

increased tenfold over that formerly possible by the sedimentation method.
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PLATE 1

The Sedimentation Tube and the Siphonincj

Fig. 1. Sedimentation tube with the end caps secureri h}’ threaded lugs and wing imts.

The siphon holes at the left end of the tube are closed with pipe plugs.

Fig. 2. Rear view, showing the siphon bottles in the backirrourui in the raised position

preliminary to siphoning. The siphon tubes, also in the raisce posit irjip an.* ready to be

inserted into the sedimentation tube.

Fig. 3. Front view of the tube and siphoning device; 1. siphon hunk's huveri-d to the

final siphoning position; 2. the sedimentation tube; 3, rack, adjiislahk; vertitaliy, supporting

the siphon, tubes which are inserted in the sedimentation liihi*; 4. a. ui the liner,

An aspirator bottle at the left functions as a barostat and is .siiowii curiiii'acd the rniini-

fold through which air escapes from the siphon bottles.
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The favorable influence of soil microorganisms upon the formation of water-

stable aggregates of soil particles has been reported by several investigators

(2, 3, 4, 6, 9, 11). Close scrutiny of these reports reveals, however, that only

qualitative relationships have been established. Changes in bacterial num-

bers in some instances have been assumed, rather than determined. In an

effort to evaluate the role played by bacteria in changes in the degree of aggre-

gation of soils of the prairie group, the experiments herein reported were

carried out.

METHODS

Two soil samples, both Geary silt loam from the college agronomy farm’

taken to the depth of 7 inches were used. Soil I was from a rotation series

started in 1926. The rotation consists of 2 years of sweet clover, kafir, oats,

and wheat. All crop residues have been returned to the plats. The area

was limed in 1926 but has received no fertilizer or manure treatment. The

soil for the first experiment was taken on May 25 from the plat that had

been planted to kafir a few days earlier; the sample for the second experiment

was taken on August 23 from a plat that had been plowed in preparation for

wheat. Soil II was taken from an area on a field where erosion has been rather

severe. Manure has been regularly applied at the equivalent rate of approxi-

mately 2 tons per acre annually. No lime has been applied, but an occasional

application of superphosphate to wheat has been made. The crops during

recent years have consisted principally of sorghums, oats, and wheat. The

sample for the first experiment was taken from a field previously planted to

Atlas sorgo; the second sample was taken from an adjoining area that had

been plowed for wheat, following oats. Sampling dates correspond with those

given for soil 1.

The chemical and physical characteristics of the two soils are indicated in

part by the analyses given in table 1.

^ Contribution No. 312, department of agronomy, and Contribution No. 201, department

of bacteriology.

2 Suggestions concerning the statistical study of the data were made by H. H. Laude.

189
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Mechanical analysis, moisture equivalent, and pH were determined, respec-

tively, by means of the Bouyoucos hydrometer, the centrifuge, and the glass

electrode. The nitrate nitrogen was determined by the phenoldisuifonic acid

method, and the total nitrogen was measured by digesting the samples accord-

ing to the Gunning-Hibbard procedure and distilling the ammonia into a

boric acid solution.

In the first experiment both samples were put through a 4-mesh screen.

For the second experiment the samples were put through a 4-mm. U. S.

standard sieve, .\fter air-drying in the laboratory, each soil was thoroughly

mixed, and samples containing 50 gm. of oven-dry soil were separated for the

experiment and put into covered Petri dishes. The treatments used are

recorded for each experiment. Ail amendments were applied in solution pf

such concentrations as to provide the proper amounts of both water and

amendment. An equal amount of distilled water was added to the untreated

samples. In the first experiment 15 cc. of solution was added to each sam-

ple, but in the second experiment only 14 cc. was used. To samples selected

at random the materials were applied from a burette by allowing the liquid

TABLE 1

Characteristics of soils used in the study

SOIL

MECHANICAL ANALYSIS
MOISTURE

EQUIVALENT
pH NITRATE

NITROGEN
TOTAL

NITROGEN
Saud Silt Clay

per cent per cent per cent Percent p.pm. per cent

I 37.5 31.0 31.5 21.8 6.1 90.4 0.136

II 39.0 31.0 30.0 21.5 5.7 30.6 0.118

to drip down the side of the Petri dish as it was rotated slowly. All samples

were incubated at 28®C.‘ The degree of aggregation and the bacterial numbers

were determined at three different periods, and at any given period three

of the samples were removed at random for aggregate study and two were

removed for bacterial counts.

The percentage aggregation was determined by wet sieving, using 0.105-,

2.0-, and 4.0-mm. U. S. standard sieves. These were moved vertically through
a distance of about 2 inches at the rate of 30 strokes per minute in distilled

water, changed after each washing. The samples were put through a 2-mesh
wire screen and wet sieved without drying and without the previous addition

of water. The data recorded for each treatment represent an average of the

three individual readings.

The bacterial numbers were determined by means of plate counts using egg
albumin agar.^ Quadruplicate platings were made on each of the two samples
taken for bacterial counts, and the number reported represents an average of

the'.eight counts.,:

3 Agar-agar, 20 gm.; glucose, 1 gm,;MgS04, 0.2S gm,; K2HPO4 , 0.50 gm.; FeSO^, trace; yeast
extract, 0.50 gm.; and powdered egg albumin, 0.25 gm. per liter adjusted to a neutral reac-
tion witli NaOH (pH 7).
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Statistical analyses were made according to the methods outlined by
Snedecor (10) .

RESULTS

First experiment

In the preliminary experiment, in addition to the untreated samples, samples

of each of the two soils were treated with 500 p.p.m. calcium nitrate and with

1000 p.p.m. sucrose. No water was added during the time of incubation.

Samples were analyzed after three different periods of incubation. The results

for soils I and II were very similar as judged from both aggregate analysis and

bacterial count. Analysis of variance indicated that the treatments did not

result in a significant difference in aggregation on either the 1-day or the 18-day

interval although the ratio of the mean squares (between treatments divided

by the within treatments) or F values for the 18-day period did approach sig-

TABLE 2

Influence of calcium nitrate and sucrose on the percentage of soil in aggregates larger than 0.105

mm. and the relation of bacterial numbers to aggregation

AVERAGE OE SOILS I AND II

TREATMENT
! Aggregates larger than
! 0.105 ram.
I

Bacterial numbers per gram
of dry soil

1 day
N^6

8 days
iV = 6

18 daysW = 6
0 days
iV = 16

8 days
!

iV* 16

18 days
16

Ui^treated

Calcium nitrate, 500 p.p.m

Sucrose, 1000 p.p.m

Ratio of mean squares, F value. .

.

per cent

75.2

77.1

78.1

1.86

per cent

79.2

80.5

86.0

9.00**

per cent

74.7

77.0

84.0

4.50*

millions

0.1

0.3

1.2

i

millions

24.5

27.0

56.0

i

millions

17.5

29.0

46.0

* Significant.

** Highly significant.

Correlation coefficient for the relationship of bacterial numbers to percentage aggregation

using the paired readings making up these averages for all treatments on the S- and 18-day

periods was 0.758, which is highly significant.

nificance for both soils. For the eighth day, differences in aggregation result-

ing from treatment were significant. Because of the similarity in the response

of the two soils to treatments only average figures are presented in table 2.

By combining the data for the two soils the level of significance of the dif-

ference in aggregation resulting from treatment was raised somewhat. For

the l-day incubation the differences were not significant, which substantiates

previous findings (8) that neither calcium nitrate nor sucrose at the rates used

influences directly the degree of aggregation of soils. For the 8-day incubation

period the differences were highly significant, but for 18 days the differences

we'u only significant. It should also be noted that the maximum aggregation

occurred on the eighth day.

A statistical study, using analysis of variance, was also made of the aggre-
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gates larger than 2.0 and 4.0 mm., but significant differences were not obtained

for either soil at any period studied for either of the two size groups. The

ratios of the mean squares (between treatments divided by the within treat-

ments) or F values were about the same for each soil for any one incubation

period but lower than those obtained by using total aggregates larger than

0.105 mm. Therefore only summations of results for aggregates retained on all

three screens are presented.

When the average bacterial number and the average percentage aggregation

for all treatments after 8 and 18 days' incubation were paired the correlation

coefficient between the two variables was found to be 0.758, which is highly

significant (10). The 1-day results were not paired for the correlation coeffi-

cient study because the bacterial numbers were determined as soon as possible

after the treatments, whereas the aggregate analyses were made 1 day later.

The highly significant correlation coefficient suggests the important role of

bacteria in changes in the degree of aggregation but gives no indication as to

whether their role is direct through the organisms themselves binding the soil

particles together, or whether their importance is due to an indirect influence,

namely, the formation of decomposition products that are more effective as

cementing agents than is the added organic matter.

Second experiment

In the second experiment soils I and II were each given the following treat-

ments: 500 p.p.m. calcium nitrate, 1000 p.p.m. sucrose plus 500 p.p.m. calcium

nitrate, 10,000 p.p.m. sucrose plus 500 p.p.m. calcium nitrate, 1000 p.p.m.

peptone, and 10,000 p.p.m. peptone; samples of each soil also were left un-

treated. Readings were made at the end of 1, 4, 8, 13, 19, and 47 days. The

moisture content of the soil was kept up by the addition of distilled water as

needed. The samples treated with 10,000 p.p.m. of either sucrose or peptone

required more frequent additions of water than did the other samples. The
experimental findings together with the results of the statistical study are

recorded in table 3.

The percentages of aggregates coarser than both 2 mm. and 4 mm. were

available, but because of the lower variability in the summation figures only

the results for the aggregates larger than 0.105 mm. are presented.

The percentage of aggregates larger than 0.105 mm. increased as a result

of incubation, and in 9 out of 12 cases reached the peak on the eighth day.

In two instances the maximum was reached on the fourth day and in the other

case on the thirteenth day. Except for a few irregularities there was a con-

tinuous decline in the percentage of the sample aggregated on each sampling

date following the peak. After 47 days, three of the soil I and four of the

soil II samples had returned to a level of aggregation approximating that of

untreated soils on the first analysis date.

The over-ail relationship between bacterial numbers and percentage aggrega-
tion for the 72 pairs of data including all treatments at all dates on both soils
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is indicated by tlie correlation coefficient of 0.639, which is highly significant.

This is in close agreement witli the results obtained in the first experiment.

For the individual incubation periods of 1, 4, 8, 13, 19, and 47 days, the corre-

lation coefficients for the relationship are 0.407, 0.677 (significant), 0.689

(significant) 0,746 (highly significant), 0.326, and 0.535, respectively. Wfien

any one treatment for the two soils for all sampling dates is considered, it is

found that the correlation coefficient for the relationship is much below the

level of significance. For both of the sucrose treatments the relationship is

indicated by nonsignificant negative values. By excluding the results obtained

on the forty-seventh day, the correlation coefficients for the two peptone

treatments, the two sucrose treatments, and the untreated samples were

found to be nonsignificant negative values.

The addition of water to the samples previous to analysis usually resulted

in an increase in bacterial numbers and a decrease in the percentage aggrega-

tion. That the additional water was not the most important factor in causing

this decrease in aggregation is indicated by the similarity in the aggregation

trends in both the first and the second experiments. In the first experiment

no water was added during the course of the incubation, whereas in the second,

water was added at intervals as previously noted. Great variation in the

moisture content of the samples was never allowed. The added water may
have contributed to the increased bacterial numbers.

It is also important to note that for the samples treated with organic sub-

stances, except for 10,000 p.p.m. of peptone on soil II, the maximum bacterial

numbers were recorded after either 1 or 4 days’ incubation. In no instance

does the maximum bacterial population correspond to the maximum percent-

age aggregation. There is a distinct tendency for the degree of aggregation to

lag behind the change in the bacterial numbers; this would explain the low

positive or negative correlation coefficient for each treatment on all days where

the numbers tend to be of the same general magnitude, i.e., either very high or

very low. This would suggest that the bacteria play principally an indirect

role in aggregate formation. The products of microbial activity appear to

be the fundamental factor involved in aggregation, the organisms functioning

chiefiy by transforming the added organic matter into a more active cement-
ing, 'material.'

In order to show that bacteria play an indirect role in soil aggregation,

calculations of the actual weight of the cells as organic matter were made. If

each cell is assumed to occupy 1 cu. ju, all the living cells produced in the highest

count obtained with 10,000 p.p.m. of peptone, would occupy approximately
0.25 per cent of the total weight of the soil. If this is calculated as dry weight,
the cells produced would be only approximately 0.025 per cent of the soil or
would increase the organic matter content of the soil less than 1 per cent.

This is further indication that the influence of bacteria on soil aggregation is

probably indirect

It has been demonstrated that partly decomposed organic matter influences
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aggregation directly, the extent of the influence depending to a certain degree

upon the quantity of organic matter and partly upon its quality. In the light

of this information and of the results obtained in this investigation, it appears

that the several studies in the past relating to the effect of soil bacteria on

aggregation merely serve to report an acceptance of the long-established fact

that the bacteria of the soil are capable of transforming added organic matter

either by partial decomposition or by synthesis, with the consequent effects

by these on soil structure.

Effect of hydrogen-ion concentration

The decomposition of added organic substances resulted in changes in the

hydrogen-ion concentration of the soil. For any one treatment the pH was

approximately constant throughout the period of study. The sucrose treat-

ments caused a slight lowering of the pH, whereas the peptone treatments

resulted in a marked increase in the pH. Changes in hydrogen-ion concentra-

tion could not be related to changes in the percentage aggregation of the

samples.

In a supplementary experiment using soil I of the second experiment, the

effect of changes in hydrogen-ion concentration upon aggregation was studied.

Untreated samples and samples treated with 10,000 p.p.m. sucrose plus

1000 p.p.m. calcium nitrate were the only groups studied. Fifteen 50-gm.

samples, to which were added 16 cc. of solution, were prepared for each group.

After incubation at 28°C. for 8 days the hydrogen-ion concentration for each

of the two groups was adjusted to three levels by addition of 50 cc. of saturated

solution of calcium hydroxide, which was equivalent to 2.1 tons of calcium

carbonate per acre; 50 cc. of 0.1 iV* HCl, which was the equivalent acidity of

5 tons of calcium carbonate per acre; and 50 cc. of distilled water to each of

five samples, two of which were used for pH measurements, leaving three for

aggregate analysis. The solutions were allowed to remain in contact with the

soil for exactly 3 hours, after which aggregate analysis was made. The excess

liquid was poured off the remaining samples for pH measurement, and these

were left in the laboratory for 3 days, during which evaporation brought them

to approximately field moisture capacity, as indicated by their appearance.

The reaction was adjusted at the end of the incubation period instead of at

the beginning, in order to measure the direct influence of changes in hydrogen-

ion concentration on the effectiveness of any cementing material produced by

the organisms. Variations in reaction at the beginning of the incubation

period might have resulted in altering the quantity of cement produced. The

results are presented in table 4.

The marked increase in aggregation in the sucrose-treated samples sug-

gests the presence of a considerable excess of biological cementing material

over that probably present in the soil which did not receive the sucrose. .

Analysis of variance of the aggregate data indicates that within neither the

sucrGse-treated nor the untreated samples were significant differences between
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amendments obtained. The ratios of the mean squares (between treatments

divided by the within treatments)were 0.98 and 1.01, respectively, for the

sucrose and the untreated samples. For a 5 per cent level of significance, 3.68

is necessary. From these results it appears that the gums, mucilages, or other

materials that may be responsible for the increased aggregation in the sucrose-

treated samples are no more effective as cements in the presence of calcium

than in the presence of an acid. This would suggest that lime, through its

influence on organic matter, is not a direct factor in the stability of aggregates

where the comparison is between two acid systems, one of which contains

more calcium. This is in substantial agreement with previously reported

studies (7) in which it was shown that calcium organic colloid was no more

TABLE 4

Iftflueme of change in hydrogen-ion concentration after incubation on the effectiveness of biological

aggregate cement

XKEATMENT
AGGREGATES

LARGER THAN 0.105

MM.
pH

CALCIUM
CARBONATE
EQUIVALENT

ADDED

per cent tons/A .

10,000 p.p.m. sucrose plus 1000 p.p.m. calcium

nitrate

a. Distilled water 85.5 5.8 0.0

b. Calcium hydroxide 87.1 6.8 2.1

c. Hydrochloric acid.

Ratio of mean squares, F value.

OO00

o OO

4.1 -5.0*

Untreated
j

i

a. Distilled water 68.7 6.0 0.0

b. Calcium hydroxide 71,3 6.7 2.1

c. Hydrochloric acid

Ratio of mean squares. F value

68.6

l.Olt

4.r -5.0*

Equivalent acidity,

t Nonsignificant.

effective and usuaffy was less effective than liycirogen organic colloid in the

formation of water-stable aggregates. It might be expected that calcium
could indirectly influence aggregation as a result of microbial activity, either

by stimulating the activities of the same groups of microbes or by altering the
species of organisms developing in the soil. Such results might be expected
to occur where the lime is added at the beginning of the incubation period.

Aggregation studies under such conditions would reveal the over-all direct

and indirect effects of lime.

Relation of length of time soil was kept nwist to degree of aggregation

_

Aggregate analyses were made on the air-dry samples of soils I and II used
in the second experiment. The average results for three samples from each
soil revealed that only 49.2 and 40.8 per cent respectively of the water-stable
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aggregates of soils I and II were larger than 0.105 mm., in contrast to 68.9

and 71.7 per cent respectively for the same soil after 1 day in the moist state.

The influence of time on the degree of water-stable aggregation of moist

soils, originally put through a screen and air dried, is indicated in figure 1

where the average percentage aggregation for soils I and II is plotted against

time in days. These findings conflict with the results presented by Kolodny
and Joffe (5) but are in essential agreement with those reported by Cole (1)

for soils irrigated after cultivation.

Aggregate analyses were repeated on the same air-dry soils in order to

verify the accuracy of the results with the technic employed. The average of

three readings gave values of 45.8 and 43.8 per cent larger than 0.105 mm. for

soils I and II respectively, which is in close agreement with previous results.

Likewise the average of three readings from samples of dry soils I and II used

Fig. 1. Changes in Aggregation Resulting erom Moistening an Air-Dry Soil and
Keeping It at Constant Moisture eor Varying Lengths oe Time

in the first experiment gave values of 55.1 and 48.9 per cent for aggregates

larger than 0.105 mm., or an average for both soils of 52.0 per cent in contrast

with 75.2 per cent for the same soils after 1 day of incubation in the moist

state, as shown in table 2.

That this condition is not peculiar to the Geary soil is indicated by results

obtained with surface samples of Cherokee silt loam employed in another

experiment. In this experiment the samples were moistened and kept in

the laboratory for varying lengths of time. The average of three measure-

ments on the air-dry sample and the average of nine readings for three dif-

ferent dates on samples untreated but kept moist in the laboratory for several

days gave 33.4 and 66.0 per cent respectively of aggregates larger than 0.105

mm. The reason for the sharp increase in the percentage of aggregates during

the first 24 hours following the addition of water to the air-dry samples is not

evident from the results obtained in any of the experiments.
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Though the initial bacterial numbers were not determined at the beginning

of the second experiment, such information is available for the first experiment

as reported in table 2, The numbers in the air-dry samples were low. The

bacterial population probably increased man3dold during the initial 24 hours

as indicated by the bacterial numbers reported for the first day in table 3,

Such growth would probably have resulted in some change in the soil organic

matter and in the production of limited quantities of gums or mucilaginous

materials even in the untreated soil. If the initial aggregation is assumed to

be the same for all treatments, it is evident from the results presented in table

3 that bacterial numbers are not directly proportional to the increase in

aggregation during the first day of incubation.

Further evidence that soil organisms are not directly responsible for the

sharp initial increase in the degree of aggregation is furnished by an experi-

ment conducted with soil 11. The treatments in this experiment consisted

TABLE 5

Influence of sieriUzation* on the aggregation of soil 11

AGGREGATE LARGER THAN 0.105 MM. IN STERILIZE© SOIL

TREATMENT
1 day
iV* 3

8 days
iV' « 3

18 days
iV«3

per cent per cent per cent

Untreated. 67.1 71.5 71.0

Calcium nitrate, 500 p.p.m 74.5 73.8 74.9

Sucrose, 1000 p.p.m. 73.3 73.2 73.2

* Sterilization was complete; no bacteria could be found in any of the samples during the

18-day experiment.

of 500 p.p.m. calcium nitrate and 1000 p.p.m. sucrose, applied to air-dry

samples. These and the untreated samples were sterilized immediately by
means of dry heat at 170°C. After sterilization the samples were remoistened

with sterile distilled water and incubated. The results are shown in table 5.

An analysis of three air-dry samples of the same soil showed that only 48.9

per cent of the sample consisted of aggregates larger than O.IOS mm. In a

parallel experiment, unsterilized samples had, at the end of 1 day of incuba-

tion, /34, 77.7, and 78.2 per cent of aggregates larger than 0.105 mm, respec-

tively for the untreated, 500 p.p.m. calcium nitrate, and 1000 p.p.m. sucrose

samples. These values are only slightly higher than the corresponding
values for the sterilized soil, thus indicating that the initial elevation in aggre-
gation resulting from moistening air-dry soil is not due to microorganisms.
These facts do not preclude the possibility of the influence of microbial decom-
position products, since sterilization may have so altered the organic matter
that it served the same function as the products of microbial activity. There
is no evidence, however, to support this idea.
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A more logical explanation appears to be that the large initial increase in

aggregation is due to the rehydration and activation of the cementing mate-

rials, made partly ineffective by the crushing and dehydration resorted to in

the preparation of the experimental soil.

SXTMMARY AND CONCLUSIONS

A Study was made of the relationship of bacterial numbers to the degree of

aggregation in a soil of the prairie group. Varying the bacterial numbers

within wide limits by means of soil treatment and length of time of incubation

resulted in a highly significant over-all relationship between bacterial numbers

and aggregation when all treatments and all incubation periods are con-

sidered. For different periods of incubation, significant or highly significant

positive relations occur only on the fourth, eighth, and thirteenth days of

incubation. No one treatment for all incubation periods gave a significant

correlation coefficient for the two variables. Maximum aggregation in no

instance coincided with maximum bacterial numbers but lagged behind the

bacterial numbers during both the growth and the death phases.

The data indicate that bacteria are associated with and responsible for the

aggregation of soil particles only in so far as they are responsible for the

accumulation of certain metabolic products that function as cementing mate-

rials.

Changes in hydrogen-ion concentration as a result of the decomposition

of added organic materials were not concomitant with changes in aggregation.

Adjustment of the pH of soils within the approximate limits of 4.1 to 6.7,

did not significantly infiuence the stability of preformed aggregates. No
tendency was observed for calcium to improve the stability of aggregates.

The addition of water to pulverized air-dry soil caused a very sharp and

rapid increase in the percentage of water-stable aggregates. This increase

occurred in sterilized soils and hence is independent of microbial activity.
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Although a general knowledge of and an interest in soil structure have oc-

cupied a definite place in the advancement of soil science, there has been a

renewed interest in the practical application of soil physics within recent years.

This is due partly to a clearer understanding of what constitutes structure and

structural stability and to a recognition of the great importance that per-

meability plays in water absorption, runoff and erosion, and possibly soil

respiration. It has been shown that the soil mantle is a tremendous reservoir

for water and that any reasonable precipitation can be accommodated by
almost any soil, provided such precipitation can enter as fast as it occurs. It

can also be shown that among cultivated soils, in the majority of instances,

the first few centimeters of the exposed surface is the least absorptive layer.

Virgin forested or grassland soils normally possess a good structure and

permeability in the upper horizons.

Soils brought under cultivation, particularly if the cropping systems are

such that the surface is not covered for a considerable proportion of the time,

are gradually subjected to forces which tend to break down those natural

structural aggregates which may have persisted for centuries under natural

conditions.

Among the structure- and permeability-destroying forces which operate

upon soils under cultivation, the following may be mentioned: impact of

beating rain drops upon exposed aggregates; shearing, polishing action of

plowshares and other implements; leaching of soluble salts from upper layers

during long fallow periods, resulting in dispersion of aggregates surrounded

^ Contribution from the department of agronomy of The Penns3dvania State College in

cooperation with the Soil Conservation Experiment Station, Soil Conservation Service,

U. S. Department of Agriculture, State College, Pennsylvania. Authorized for publication

on July 31, 1940 as paper No. 981 in the Journal Series of the Pennsylvania Agricultural

Experiment Station and on October 11, 1940 as a publication of the Soil Conservation Service,

U. S. D. A.
,

,
\

sQii technologist. Soil Conservation Service, and professor of soil technology,

The Pennsylvania State College, respectively. The authors wish to acknowledge the sin-

cere and helpful cooperation of Nolan F. Farris, project supervisor, and of staff members of

the Soil Conservation Service, Experiment Station, State College, Pennsylvania.
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with a solution of low osmotic concentration; absence for long periods, at or

near the surface, of organic residues to serve as food for macro and micro life;

destruction of vertical channels by horizontal tillage operations; compaction

resulting from animals, man, or machine. These and many other forces are

permitted to operate in and on soils under cultivation but are virtually non-

existent in soils under natural forest or grassland conditions.

It seems desirable, therefore, that cultural practices, rotations, and cropping

systems be examined with a view of determining whether, and to what degree,

each system or practice tends to destroy or repair structure. Doubtless much

of the phenomenon known as soil depletion may be explained as directly or

indirectly due to destruction of permeability. It is recognized that a long

time may be required to produce any permanent alteration in the aggregate

condition of a soil; hence it seems desirable to study present conditions in soils

the history or treatment of which is known, rather than to set up an experiment

designed to determine such structural changes which might not produce signif-

icant alterations for a quarter to a half century.

REVIEW OF LITERATURE

The literature contains many evidences of attempts to determine quantita-

tively the characteristics and extent of structural modification. The results

of field measurements conducted upon soils in situ (12, 13, 15, 16, 22, 23, 24,

25, 28) reflect significant physical effects as manifested by permeability, soil

resistance, density, etc. Laboratory procedures (1, 2, 3, 4, 5, 6, 7, 8, 9, 10,

11, 14, 17, 18, 20, 21, 30, 31, 34) differ in principle, somewhat, from the field

tests. Essentially these determinations constitute an attempt at the quan-

titative characterization of the primary physical units of the soil, namely, the

individual particles and the role of aggregation or structural formation and

maintenance.

aiETHODS

This paper deals with the examination of different methods for measuring

structural stability and the adoption of a satisfactory procedure, and the

application of this procedure in the study of experimental plot soils which have
been under known treatment and cropping plans for many years.

The physical condition which determines infiltration and percolation rate is

related to total pore space, size of pore, noncapillary porosity, volume weight,

swelling capacity, dispersion ratio, and state of aggregation. Immediately
following any tillage operation a soil may appear to be in good tilth. But how
persistent is this condition? Is it destroyed by one or two rains, or does the
soil retain its absorptive capacity even after several rains? If its granules are
of sufficient size and stability, it will retain its absorptive capacity, but if they
are readily dispersed, surface runoff will take place. To obtain a measure of

the size and stability of the natural soil aggregates, the following method is

proposed.
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Aggregate analysis

The air-dried sample is passed through a 4-mm. sieve with a minimum of

mechanical abrasion. A quantity equivalent to 50 gm. of air-dried soil is

carefully weighed out and placed in a large beaker with 200 cc. of distilled

water and allowed to slake for 12 hours. It is then transferred to a 1 -liter

graduated cylinder, made up to volume with distilled water, inverted end over

end twenty times, and set in upright position. A 25-cc. pipette is immediately

inserted so that its point is immersed to a depth of 18 cm., and within 5 seconds

25 cc. is withdrawn and placed in a beaker to be evaporated. The pipette is

rinsed with distilled water. This aliquot contains the fine sand, silt, and clay,

i.e., material finer than 0.2 mm.
This method of obtaining the aggregates of fine sand size by pipetting differs

from the wet sieving method, but in comparative trials between the two,

agreement was close. The replicates of the pipetted fraction, however, were

more consistently concordant.

Aliquots of the silt and clay fractions are withdrawn with the pipette after

settling intervals as outlined by Wright (33), although it is recognized that

an aggregate will fall at a slower rate than a discrete particle of the same

diameter. These are evaporated, weighed, and the percentages calculated.

Aliquots of the separates smaller than 0.2 mm. in diameter having been

removed, the coarser separates are obtained by wet sieving as follows:

Decant a large portion of the supernatant turbid liquid and pour the re-

mainder upon a nest of sieves having aperture diameters of 0.2 and 2.0 nam.

Standard screens of 70 and 10 meshes per linear inch have apertures of these

sizes. A gentle stream of water is applied to the material on each screen to

wash off adhering particles; the content of each screen is dried and weighed.

The quantity of the various separates is calculated as a percentage on the

water-free soil basis.

In this work the gravel separate, having primary particle or aggregate

diameter limits ranging from 2 to 4 mm., is carefully determined. It is

believed that soil constituents of this size often occur and are of great im-

portance physically.

Mechanical analysis

The mechanical analysis was made by a modification of the pipette method

(26) as follows: An amount equivalent to 25 gm. of water-free 4-mm. soil is

put into a large beaker and 200 cc. of distilled water is added; the contents of

the beaker are boiled, cooled, and 10 cc. of normal sodium carbonate is added.

Transfer to a stirring apparatus and stir for 15 minutes to effect complete

defiocculation. Transfer the contents of the dispersion cup to a l-liter grad-

uated cylinder, make up to the liter mark, and after stirring well, pipette off

the various sized separates as described under aggregate analysis. Follow

this with the wet sieving as described, and calculate the percentage of each

separate including the gravel, 2.0 to 4.0 mm.
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Stability index

The results of the mechanical and aggregate analyses as described may be

plotted as in figure 1 and 2. The aggregate analysis will contain a larger

Fig. 1. Physical Analysis Data Curves tor Undisturbed Hagerstown Silt Loam;

Site—Bluegrass Sod

Fig. 2. Physical Analysis Data Curves egr Cultivated, Unfertilized Hagerstown
Silt Loam; Site:~Jordan Soil Fertility Experiment, Tier 1, Plot 14

percentage of the coarser separates and a smaller percentage of the finer

separates than will the complete mechanical analysis. In some soils, having
very unstable or easily dispersed aggregates, the results obtained by both
methods will be nearly the same, whereas with other soils, having stabilized

i

!
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granules, the aggregate analysis gives a much larger percentage of the coarser

sized separates. This is a measure of granule stability and may be expressed

by a single figure which is designated as the ^‘stability index.^’ The stability

index is the sum of the positive differences between the aggregate analysis

and the complete mechanical analysis, that is, all the differences to the left

of the point where the two curves intersect (figs. 1 and 2). Obviously the-

larger the stability index, the more stable is the structure of the soil. It is

therefore a useful way of determining whether or not a soil will remain absorp-

tive after several rains and may be used to determine whether or not a given

cultural practice has built up or destroyed structure.

The stability index may be expressed as:

S = Xa — 'Em

in which

S = stability index

'Sa = sum of aggregate analysis percentages to the left of the intersection.-

'2m = sum of mechanical analysis percentages to the left of the intersection.

Probable permeability

Granules may be stable but so small that the intervening pores are inade-

quate to allow significant amounts of gravitational water to flow between

them. The probable permeability of cultivated soil is determined to a large

degree by the amount of coarse units, whether they be primary particles or

stable aggregates. In percolation studies, flow is very slow through soils

the units, particles, or aggregates of which are smaller than 0.2 mm. in diam-

eter. Consequently, the sum of ail the percentages of stable aggregates and

particles greater than 0.2 mm. has been considered as a measure of the probable

permeability. For this value an aggregate analysis alone is sufficient. It is

expressed as:

P = 2a'

in which

P = probable permeability

2a' = sum of aggregate analysis percentages for particles greater than

0.2 mm.

The reliability of this expression for probable permeability may be shown

by the fact that the correlation coefficient between the probable permeability

as determined by the preceding calculation and the actual percolation rate

determined in percolation tubes was + .81 and + .91 for the Jordan and truck

crop plot soils respectively.

The application of the method of aggregate analysis and calculation of the

stability index and probable permeability for a sample of soil in excellent

structure obtained from under a bluegrass sod of long standing, is shown in
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table, 1 and' in figure 1. Thongli this, soil on complete mechanical analysis

is shown to be high in, silt and clay, two separates which produce imperme-

ability,
, the aggregate analysis reveals the presence of a large percentage ,of

aggregates of the dimensions of coarse sand and fine sand. This soil allows

rapid percolation continuously. Its stability index is 69.64, and its probable

permeability, 54.07. These values may be compared with those obtained on

the unfertilized Jordan plot shown in figure 2. The latter plot had a stability

index of 49.46 and a probable permeability of 30.00. This method was used

in the comparisons which follow.

Volume weight

While each of the individual soil samples was being taken, its volume was

also obtained. A metal sampling cylinder of known volume was driven into

the soil to a depth corresponding to that of the surface soil. The entire con-

tents were removed, air dried, weighed, and the volume weight calculated

with the data therefrom. Ten cores from each plot constituted the composite

sample.

Fercolation rate

Laboratory percolation rates were obtained by the use of half-pint glass

percolation tubes the soil contents of which remained under constant hydraulic

head.

Organic matter content

The organic content of the soil was determined by the chromic acid titra-

tion procedure of Schollenberger (29) as modified by Tiurin (32).

EXPERIMENTAL

In order to determine whether or not cropping systems and fertilizing prac-

tices have a measurable effect upon soil structure and permeability, certain

plot soils at the Pennsylvania Agricultural Experiment Station were examined

by the methods described.

The Jordan fertility plots have been under continuous treatment for 58

years. The soil is Hagerstown silt loam; the rotation, corn, oats, wheat and

clover, fertilizers in most instances being applied to the corn and wheat only.

Tier 1 has never received lime except on those plots which receive lime only

or lime and manure. Tier 2 was imlimed until 1921, at which time each plot

was limed according to its requirement. Further information concerning these

plots may be found in numerous bulletins (27). For this study certain plots

were chosen to show the effect of treatments which might be expected to

produce structural changes. The treatments and analytical results are given

in table 2. For comparative purposes the results obtained on a sample of

biuegrass sod adjacent to the plots are also presented.

The first striking fact brought out in table 2 is that the plot soils as a group
have much lower stability indexes, lower probable permeabilities and actual



TABLE 1

Physical analysis datafor hluegrass sod soil

....

ANALYSIS GKAVEL COAKSE
SAND

.

1

FINE SAND SILT CLAY

^er cent per cent Per cent per cent Per cent

Aggregate . 5.66 48.41 : 40.98 3.80 1.15

Mechanical 0.98 3.93 20.50 51.76 22.83

DiSerence. 4.68 44.48 20.48 -47.96 -21.68

Stability Index 69 .64 ”69.64

Probable Permeability 54 .07

TABLE 2

Physical mines of ceriain selected plots of the Jordanfertilizer experiment

TIES PLOT TREATMENT*
ST.-VBIL-

ITY
INDEX

PROB-
ABLE

PERMEA-
BILITY

PERCO-
LATION

OR-
GANIC
CON-
TENT

VOLUME
WEIGHT

PORE
SPACE

cc.fmin. per cent per cent

1 14 Check 49.46 30.00 4.5 2.36 1.25 50.0

2 14 47.12 27.92 2.5 2.21 1.27 49.2

1 16 6 tons manure 57.10 33.08 16.0 2.79 1.23 50.8

2 16 60.37 34.02 15.0 3.10 1.16 53.6

1 20 10 tons manure 64.66 31.63 18.0 3.26 1.17 53.2

2 20 59.69 29.08 14.0 2.67 1.20 52.0

1 17 24 lbs. dried blood, P, K 58.58 29.08 6.0 2.90 1.16 53.6

2 17 64.24 31.59 11.0 2.71 1.14 54.4

1 21 72 lbs. dried blood, P, K 64.71 28.66 10.0 2.93 1.14 54.4

2 21 58.21 28.25
j

4.0 2.29
1
1.22 51.2

1 26 24 lbs. nitrate of soda, P, K 60.82 28.06 6.3 2.65 1.16
1

53.6

2 26 58.23 28.97 oo 2.72 1.21 51.6

1 28 72 lbs. nitrate of soda, P, K 55.02 23.92 5.0 2.33 1.22 51.2

2 28 56.99 23.17 4.4 2.40 1.22 51.2

1 30 24 lbs. sulfate of ammonia, 57.63 22.21 3.75 2.41 1,26 49.6

2 30 P,K 60.15 31.94 11.5 2.41 1.22 51.2

1 32 72 lbs. sulfate of ammonia, 57.37 20.45 4.0 2.52 1.25 50.0

2 32 P,K 60.15 22.02 6.5 2.24 1.26 49.6

1 22 6 tons manure and 2 tons

burnt lime to corn

63.07 29.72 12.0 3.21 1.18 52.8

" 1 ,23 Burnt lime to corn 51.12 22.17 3.0 2.45' 1.23 50.8

1 34 2 tons ground limestone 60.34 23.01 6,0 2.24 1.24 50.4

Bluegrasssod 69.64 54.07 37.0 3.36 1.07 57.2 .

* Similarly numbered plots were similarly treated except that those from tier 2 received

lime in addition to the treatments indicated.
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percolation rates, lower organic contents, and higher volume weights than the

soil from the bluegrass sod adjacent to the plots. This sod has in

ail probability been in bluegrass for 50 or more years. Obviously, the rotation

of corn, oats, wheat, and clover for 58 years has allowed structural breakdown,

no matter what soil treatment the various plots received. Nevertheless, fer-

tilizers, manure, and lime have had a measurable, though small, effect. The

effect observed may be due partly to a direct physicochemical action and

partly to the density of sods produced by the treatment. Manure, even

though used in light applications has produced structural improvement, as

revealed by the stability index, probable permeability, and volume weight.

Lime did not always increase structural stability or permeability. Lime alone,

Cor* Coeff..* -f *64 ± *13

2*oL__ , , ,

40 50 60 70
Stability Index

Fig. 3, Relation between Organic Content and Stability Index, Jordan Soil

Fertility Experiment

particularly burnt lime, reduced structural stability but when used in con-

junction with manure it appeared to produce physical benefits. There is not

much evidence that the liming in 1921 of plots which received commercial

fertilizers only has had much effect upon granule stability, permeability, or

percolation rate. The organic content of the different plots, which itself is

determined partly by the past history and partly by the effects of fertilizer

treatments, is definitely correlated with physical measurements (fig. 3) .

The truck crop fertilizer experiment (19) which was laid out in 1917 on soil

very similar to that of the Jordan plots and not far from the latter, afforded

another excellent opportunity to study the effect of cropping systems and
fertilizer treatments upon physical properties. In this experiment the rota-

tion from 1917 to 1928 consisted of cabbage, potatoes, tomatoes, and wheat,

a cover crop of timothy and clover sown in the wheat being plowed under the

3 * 5.

3*Of

4:>

§O

S 2.4

I
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following spring. Wheat was used as a cover crop after each crop. From

1928 to 1938 corn was substituted for wheat as a main crop, and rye and vetch

were substituted for wheat as a cover crop. These are definitely destructive

cropping systems so far as maintaining soil structure and organic matter is

concerned. It was deemed desirable to discontinue the experiment in 1938,

but during the 21 years that it was in operation, the structure was so nearly

destroyed that a large portion of all heavy rains was lost as runoff, and yields

were poor even though fertilization was heavy. The treatments and physical

data obtained on selected plots from this experiment are recorded in table 3

together with a sample from the uncompacted part of a bluegrass roadway

adjacent, the latter having been in sod at least as long as the experiment lasted.

The first notable observation is the low stability index of ail unmanured

plots of this experiment as compared with those of the Jordan plots. The

TABLE 3

Physical values of certain selected plots of the truck crop fertilizer experiment—section A

TIER PLOT TREATMENT
STABIL-
ITY

INDEX

PROB-
ABLE

PERMEA-
BILITY

PERCO-
LATION

OR-
GANIC
CON-
TENT

VOLUME
WEIGHT

PORE
SPACE

1 .

i 13 Check
1

49.37 25.41

cc.jmin.

3.0

per cent

2.03 1.41

per cent

43.6

1 14 20 tons manure 56.59 26.02 15.0
1
3.26 1.29 48.4

1 16 40 tons manure 58.84 31.56 24.0 5.34 1.10 56.0

2 3 Nitrate of soda, P, K 49.18 18.09 4.0 1.98
'

1.32 47.2

3
i

1 Check 49.02 15.52 6.0 1.76
;

1.39 44.4

3
1

2 Sulfate of ammonia, P, K 48.46 18.86 1.2 1.97
1

1.34 46.4

3 3 Dried blood, P, K 48.87 19.27 ^ 1.5 1.95 1.33 46.8

6 3 Complete fertilizer, 10 tons 54.51 24.34 10.0 3.05 1.26 : 49.6

manure

Bluegrass sod 69.64 50.00 37.0 3.36 1.03 58.8

unmanured vegetable garden plots have indexes of from 48 to 49, whereas those

of the unmanured Jordan plots range from 47 to 64. The probable per-

meabilities of the unmanured vegetable plots are from 15 to 25, whereas those

of the unmanured Jordan plots vary from 20 to 32. These differences are

doubtless the result of differences in cropping systems. The rotation of corn,

oats, wheat and clover followed on the Jordan plots has maintained a better

structure than the truck rotation which contained no significant soil con-

serving crop.

. The vegetable garden plots which receive heavy applications of manure or

manure and fertilizer have a structure which is visibly better as observed in

the field and as revealed by the physical measurements. Ten tons of manure

with fertilizer, 20 tons without, and 40 tons without, gave stability indexes of

54.5, 57, and 59 as against stability indexes of 48 to 49 for heavily fertilized plots

and of 49 for the check plots. The probable permeability, organic content,



210 B. B. AIDERBER AND E. G. MEBKXE

and volume weights show similar trends. The lowest probable permeability

obtained on the Jordan plots was 20, and the lowest value obtained on the

vegetable plots was 18. Obviously, the lack of a sod crop for a full season

has permitted a deterioration of the structure on the vegetable plots. The

values obtained following physical analysis of the soil developed under blue-

grass sod, S = 70 and P = 54, offer a striking contrast with cultivated plot

soils found 3 feet away, 5 = 50 and P == 30.

Some indication as to the probable factors producing granule stability may

be obtained from correlations between stability indexes and measured values.

Figures 3 and 4 show significant correlations between the stability indexes

and the organic contents of plots. Correlation between probable permeability

Fig. 4. Relation between Organic Content and Stability Index, Truck Crop
Fertilization Experiment

and organic content for the Jordan plots is significant, +.65. That for the

truck crop experiment is +.37, a nonsignificant figure. The stability index
is closely correlated with the volume weight; both reveal the same properties.

The coefficient of correlation between these two qualities was —.83 for the

Jordan plots and —.92 for the vegetable crop plots. The correlation coeffi-

cients between the probable permeability indexes and volume weight are
-.77 and -.96 for the Jordan Soil Fertility and Truck Crop Fertilization

Experiments respectively.

SUMMARY

^

A method is described which is sufficiently refined to reveal the small altera-

tions in aggregate size and stability that may be produced within a single
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soil type by different soil treatments through variations in cultural practice,

fertilization, erosion, etc. A numerical measure of the structural stability

of the aggregates and the probable permeability of soils is presented.

When the method is used to study differences in structure and permeability

produced by cropping systems, fertilizing, and liming, it was shown that on

a single soil:

(a) A rotation of corn, oats, wheat and clover over a period of 58 years caused a break-

down of aggregates as compared with sod land adjacent.

(b) A vegetable cropping system including no sod crop, and with cover crops only for

soil improvement, produced after 21 years a poorer structural condition than the rotation

described in (a).

(c) Farm manure whenever used produced deiSnite physical improvement.

(d) Liming did not significantly alter the structural condition.

(e) Other things being equal, structural stability is closely correlated with the organic

content.

(f) The volume w’eight exhibits a significant inverse relationship with structural stability,

probable permeability, and organic content.
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The agencies and chemical changes concerned in the production of the blue-

gray horizon in the deeper part of the soil profile, commonly spoken of as

“glei development,’’ have provoked much discussion.® This process of gleiza-

tion has regularly been associated with standing water and the consequent

iron reduction to give the gray color. Calcium as a nutrient for the responsible

bacteria has not been suggested, and as a contributing factor, calcium has

not been segregated.

Since this horizon usually consists of a sticky, compact, and structureless

clayey mass, its water retention is generaRy high and movement through it

very slow. Its location deep in the solum would exclude influences by at-

mospheric oxygen but would not necessarily prohibit the infiltration from the

soil surface of energy-supplying materials of organic origin. These might

serve for use by anaerobic bacteria. Since recent studies emphasize the

encouraging role of mineral nutrients, particularly of calcium, in organic

matter decomposition and the diminished decomposition, or organic matter

accumulation, under limited calcium supply,^ it seems possible that gleization

occurs in the zone where the three factors, ample calcium, organic matter

infiltration, and standing water, all operate jointly for anaerobiosis.

That this may be true is suggested by an observation of clay standing under

water. Putnam subsoil had been treated with acid and washed thoroughly

to produce the resulting acid clay. Three lots in suspension were then treated

separately with calcium hydroxide, magnesium hydroxide, and aluminum

hydroxide. All were preserved under waterlogged conditions. After 3

months, the samples of the calcium-treated clay and of the magnesium-treated

clay had developed the bluish-gray color resembling that of glei. The sample

treated with aluminum showed no color change throughout its depth.®

^ Contribution from the department of soils, Missouri Agricultural Experiment Station,

Columbia, Missouri. Journal Series No. 701.

2 Professor of soils.

3 Joffe, J. S. 1936 Pedology, pp. 328-344. Rutgers University Press, New Brunswick,

N.J.
^ Albrecht, W. A. 1938 Nitrate production in soils as influenced by cropping and soil

treatments. Missouri Agr. Exp. Sta. Res. Bui. 294.

® The differences in the samples were first observed and drawn to attention by Hans

Winterkorn, research associate professor of soil mechamcs, University of Missouri.
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Since these clays contain some relatively stable organic matter representing

the residue of microbial action which has been moved downward by podzoliza-

tion, such organic residue "would of necessity be relatively deficient in calcium

and in magnesium as bacterial nutrients. It would still be of service as a

source of microbial energ}^^, however, and the promotion of microbial growth

might occur when these mineral shortages were restored.

That an attack on this organic material by anaerobic microorganisms oc-

curred where the calcium and magnesium were applied to the clay was in-

dicated by the color change, and pointed to the reduction of the iron for the

organic matter oxidation. Where neither calcium nor magnesium was applied

to serve as nutrient bases, but where aluminum, a nonnutrient, or potassium

was substituted, these anaerobic performances were not initiated.

That the exchangeable calcium plays a role is suggested by some studies

by Wilde, of the Wisconsin Experiment Station.® Calculations from his

determinations of exchangeable calcium in different horizons of alpha, beta,

and gamma glei soils show that the glei horizon occurs where the calcium

saturation of the clay was increasing in the successively deeper layers approach-

ing the glei layer. In one of his soils, which he assigns to the Colby series,

the percentage of calcium saturation in the zone of glei formation was slightly

less than 50 per cent. In another, assigned by him to the Miami series, it

was above this figure.

That at least 50 per cent calcium saturation of the clay should be required

to foster anaerobic bacterial activity is in interesting agreement with the

approximate 50 per cent calcium saturation of colloidal clay required for signifi-

cant growth and nitrogen fixation by soybeans. It raises the question whether

the profile horizons above that of glei formation are not simply of too low a

degree of calcium saturation for microbial activity, so that the percolating

organic matter is not of service until it has moved downward to the horizon of

sufi&cient calcium saturation and the corresponding relative saturation of

other bases.

These observations prompted a simple laboratory test. Untreated Putnam
clay and Putnam clay saturated with different cations were taken in equal

amounts and mixed with equal amounts of the humus compound extracted

from a calcium-deficient soil They were all stored under water. The soil

given calcium became gray. No significant color change occurred in the clay

saturated with aluminum, potassium, or hydrogen, or in the untreated clay.

These changes were noticeable in less than 4 weeks and became very distinct

in 8 weeks or at the intervals of closer observation. After this latter period

the stoppers were removed, cleaned, and the upper part of the cylinder cleaned

in connection with the examination for odors. A distinct odor of hydrogen
sulfide was detected over the calcium clay. It was less noticeable but yet
present over the natural and potassium clay. There was none over the hydro-

® Wilde, S, A. 1940 Classification of gley soils for the purpose of forest management and
reforestation. Ecology 2U
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gen clay or the aluminum clay. The stoppers bore dark stains corresponding

to the hydrogen sulfide production. The supernatant liquids gave correspond-

ing suggestions of iron in solution after enough time following the odor test

had allowed them to clarify. Opalescence, suggesting colloidal iron, appeared

over the natural and potassium clays, and a rusty-colored flocculate was over

the gray-colored calcium clay. Thin horizons of gray color, of intensity

corresponding to that of the calcium clay, appeared at the top of the natural

and potassium clay columns (plate 1). Here the production of soluble iron

is suggested, not in an acid soil, but rather at the maximum in the neutral

clay saturated with calcium and providing nutritive conditions encouraging

microbial performances.

These observations and tests suggest that the process of gleization may
center about the presence of calcium in sufficient degrees of saturation of the

clay to serve in the bacterial nutrition if the horizon of standing water is to

leave its historic record as a bluish gray la^^er. When such calcium is absent,

and apparently because of this calcium deficiency in the bacterial ration, the

event of standing water remains unrecorded, regardless of the period of its

presence or the possible percolation of the organic matter downward to it.

This hypothesis regarding the importance of the degree of calcium satura-

tion in the process of gleization is submitted not as a proved fact but in the

hope that students of soils in the field will test it either for verification and

acceptance or for disproval and discard.
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PLATE 1

Gleization of Putnam Clay

Clays saturated with (A) calcium, (B) aluminum, (C) potassium, (D) no cation, and (E)

hydrogen. Gleization, or gray color production, occurred only in the calcium clay.
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A RAPID SOIL TEST—THE 1-GRAM BALL RESISTANCE^
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The mechanical properties of the soil are important not only in themselves

but also because they give a good idea of many of the physical properties.

TABLE 1

The 1-gm. hall resistances, sticky points, and ignition losses of variously treated soils

NATTOE or son,

RESISTANCE

Sticky POINT
IGNITION LOSS

RESISTANCE

STICKY
POINT

Dried at 20“ Dried at lt0“ Dried at 20“ Dried at 110“

kgm. kgm.
per
cent*

per
cent*

kgm. kgm. Per
cent*

Untreated Na-soil

Sandyt 19.0 =b 0.85121.0 ± 0.82 25.6 5.2 23.5 dr 0.65 21.2 rir 0.63 27.0

Terra rossaf.. ..... 29,7 d= 1.87 28.2 db l.lii34,6 9.61 32.7 ± 0.75 6.7 ± 0,85 41.0

Black sandyt 8.0 ± 0.41 9,2 ± 0.25 42.5 7.3 17.0 rib 1.00 18.0 rir 2.38 39.0

Black clayf. . ..... 31.0 ± 1.29 40.0 ± 0.91 38.6 8.9 29.7 rir 0.48 18.2 rir 1.65 133.5

Red earthf 32.7 ± 0.71 11.2 ± 0.95 32.2 6.1 25.7 ± 0.75 3.2 ± 0.48 34.0

Treated with H2O2 Ca-soil

Sandyt 26.2 =fc 1.11 31.0 =fc 1 23' 4.7 14.5 rir 1.05 21.2 rir 1.18 26

Terra rossaj. ... . . . 36.7 ± 0.75 28.7 ± 2.10 33 1 6.7 32.0 ± 0.71 34.5 db 1.50 36

Black sandyt . ..... 11.2 =b l.llj 16.0 ± 0.41 32 i 5.6 9.5 rir 0.85 12.7 rir 0.63 44

Black clayf . ...... 33.5 ± 1 . 32 : 38.5 db 1.56 32 ; 7.3 21.7 ± 1.35 28.0 rir 1.08 37

Red earthf 30.2 ± 1.11 8.7 ± 1.11 34 5.1 28.5 rir 0.87 18.5 rir 0.65 35

* Of oven-dry soil,

t Soils poor in organic matter: N content of sandy soil, 0.6 per cent; of red earth, 0.44

per cent.

% Soils rich in organic matter: N content of terra rossa, 1.67 per cent; of black sandy soil,

L22 per cent; and of black clay, 1.44 per cent. The black sandy soil also contains charcoal

from burning organic materials.

Note: The errors are calculated according to the formula A / -— where S<P is the

y n{n - 1)

sum of squares of the deviations from the mean and n is the number of replications. The

number of replications was always 4.

Heretofore, however, no rapid test of these mechanical properties has been

available. We have, therefore, devised the following method:

To 1 gm. of air-dry soil sufficient water is added to bring the soil to its sticky point. A ball

without fissures is then formed and allowed to dry at laboratory temperature and humidity
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for about 5 days. Its resistance to crushing is determined by the simple instrument shown

in plate 1. Best results are obtained by averaging the figures for four balls.

The nature of the absorbed cations influences the resistance of the soil.

Sodium and calcium soils were prepared by leaching samples of the same soil

with NaCl or CaCl2 and then with water. As indicated in table 1
,
soils rich

in sesquioxides (red earth and terra rossa) showed greater resistance when

saturated with Ca; those poor in sesquioxides (sandy, black sandy, and black

clay soils) showed considerably greater resistance when saturated with Na.

The soil balls can also be dried in the oven, but such rapid drying greatly

influences the results. The resistance of Ca-soils poor in sesquioxides is

increased, for example, and that of Na-soils rich in sesquioxides is decreased.

Organic matter decreases the resistance. In general, the soils treated with

H2O2 gave the greatest resistance figures; the soils rich in organic matter (terra-

rossa, black sandy, and black clay soils) gave small resistance figures in com-

parison with their sticky points.

The results recorded in this paper suggest that the 1-gm. ball resistance

affords a possible clue to other important properties of the soil. It should

be interesting, for example, to study the relation between this resistance and
the physical and chemical composition of the clay fraction, organic matter, etc.

Such work, however, can be done only in well-equipped laboratories having at

their disposal a great number of soil samples from different countries.

PLATE 1

Instrument tor Determining Resistance to Crushing of a Lgm. Ball of Soil
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It is well known that both the organic and the inorganic materials of a soil

play an important part in the base-exchange reaction. Most of the research

work on base exchange in soils, however, has dealt with the reaction in the

soil as a whole, or with just the mineral portion, and very few investigations

have been concerned with the relative importance of the organic and inorganic

fractions in this phenomenon. Only in recent years have investigators

directed their attention to the base-exchange capacity of the organic matter of

the soil; consequently, the exchange reaction of this fraction is as yet little

understood.

Baver (2) found that 30 to 60 per cent of the total base-exchange capacity

of surface soils could be attributed to the organic portion; Mitchell (3) con-

cluded that the exchange capacity of the organic portion of surface soils

constitutes 41 to 65 per cent of the total; and Olson and Bray (4) found that

the organic base-exchange capacity constituted 6.8 to 43.4 per cent of the

total base-exchange capacity of the surface soils studied. These figures tend

to show the importance of the organic exchange capacity and suggest that

heretofore not enough importance has been attached to this fraction.

Data on the base-exchange capacity of soil horizons is fairly meager, and

almost no attention has been directed to the part played in this reaction by the

organic content of different soil horizons. It is the purpose of this paper to

report the base-exchange capacity of the organic as well as the inorganic

fractions in the Ai, A2 ,
Bi, B2 ,

and C horizons of six podzolic profiles and to

study their individual effects on the total base-exchange capacity.

DESCRIPTION OF THE SOILS STUDIED^

This investigation was confined to six podzolic soil types of the lower penin-

sula of Michigan, a description of each of which follows. AU samples were

from virgin areas and were collected by horizons.

^ Contribution from the soils section of the Michigan Agricultural Experiment Station.

Authorized by the director for publication as journal article No. 458 n.s.

2 Graduate student and assistant professor respectively.

® Acknowledgement is made to A. H. Mick for his descriptions of the soil types,
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Isabella loam

Isabella loam is a weU-drained soil developed from calcareous, morainic

drift under a hardwood forest in which beech, maple, hemlock, ash, and bass-

wood were the dominant species together with a few scattered white pine.

The forest floor is covered with a 2- to 4-inch litter of decaying leaves, which

overlie a relatively homogeneous layer of black, granular, neutral to slightly

alkaline organic material ranging from i to 1 inch in thickness. Underlying

this is a 2- to 6-inch layer of harsh, platy, ash-gray loamy sand to sandy loam,

which sometimes is acid in reaction and somewhat stained at the top by

infiltering organic matter. Below the podzolized layer, 10 to 14 inches of

transitional sandy loam or loam grade into reddish brown, acid, highly struc-

tured sandy clay. This layer is characterized by a nut or blocklike structure,

the surfaces of the blocks being covered with a dark brown coating and many

minute roots. In the lower part free carbonates are not infrequently ob-

served. Massive, calcareous, pinkish or reddish brown till clay is encoun-

tered at depths ranging between 2 and 6 feet below the surface.

Selkirk loam

Selkirk loam is a well-drained heavy-textured soil which developed on the

clayey calcareous lake plains under a mixed forest of pine and hardwoods.

From the surface downward this soil type consists of a dark colored humus

layer 1 to 3 inches thick; 4 to 8 inches of ash-gray fine sandy or silty loam;

pale yellowish brown, in many places slightly mottled, sandy loam to clay

loam 3 to 8 inches thick; and finally pale reddish brown impervious clay.

The first three layers may be acid, but the heavy subsoil is alkaline and the

substratum contains a high percentage of carbonates.

Rubicon sand

Rubicon sand is a well-drained, pervious soil of the dry pine plains. Under

a virgin cover of red and white pines, 1 to 3 inches of litter accumulate. A
one-fourth-inch humus layer is underlain by the characteristic ash-gray pod-

zolized sand, which ranges between 2 and 8 inches in thickness. This layer

in turn overlies and grades into pale yellowish brown loamy sand 4 to 6 inches

thick, slightly indurated in places. The substrate consists of pale yellow,

loose, pervious sand, which extends more than 7 feet below the surface.

Ogemaw sandy loam

Ogemaw sandy loam is a ground-water podzol of the poorly drained pine

plains. The surface is characteristically rather mucky under a relatively deep

accumulation of litter; this soggy humus layer, 2 or 3 inches thick, overlies 4
to 8 inches of conspicuously white sand or loamy sand. Directly below the

leached layer is a dark coffee-brown heavily indurated, sandy hardpan, which
in places may be as thick as 12 inches. Through a thin transition layer the

brown color rapidly changes to the drab, dingy gray of waterlogged sand.
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At a depth varying between 3 and 5 feet, heavy impervious lacustrine clay

is encountered. The subsoil contains a small percentage of carbonates.

Kalkaska loamy sand

Kalkoska loamy sand has developed under a hardwood forest of beech,

maple, and hemlock on the dry sand plains. The surface litter decomposes

rapidly to produce a thin, dark brown, neutral, humus layer which overlies

2 to 4 inches of dark gray loamy sand. This layer grades downward into 2

to 5 inches of ash-gray loamy sand which may be acid in reaction. Under-

lying this podzoiized horizon are 4 to 10 inches of dark coffee-brown loamy

sand which in many places is slightly indurated. This brown color rapidly

fades, and at a depth of 18 to 24 inches below the surface the pale yellow,

pervious, sandy substratum is encountered.

Emmet loamy sand

Emmet loamy sand is a light-textured soil which has developed beneath a

hardwood cover in the alkaline, sandy morainic drift. Under a moderate

accumulation of litter and a thin, grayish brown, neutral to slightly acid

humus layer, are 2 to 3 inches of dark gray stained loamy sand to sandy loam,

which grades into the harsh, platy, compact, ash-gray leached horizon. This

podzol horizon is acid in reaction and ranges between 2 and 6 inches in thick-

ness. It is underlain by 6 to 10 inches of brownish yeUow, acid, loamy sand,

which in turn grades downward into the sandy and gravelly parent drift

material.

EXPERBIENTAL METHODS

The air-dried samples were screened and ground to pass a sieve with open-

ings 0.84 mm. in diameter. The percentage of carbon was determined by

dry combustion, and the organic matter content was then calculated by using

the conventional factor 1.72. A correction for the carbonate content of several

samples was made.

The exchange capacities were determined by placing the equivalent of 25

gm. of the oven-dry samples in the apparatus described by Russel (5). The

samples were then leached with neutral normal ammonium acetate, the

ammonia was removed by neutral normal calcium acetate, and the miHi-equiv-

alents of ammonia were determined in the leachate.

Exchangeable calcium and magnesium were determined in the ammonium
acetate leachate by precipitation as calcium oxalate and as magnesium am-

monium phosphate.

Since Alexander and Byers (1) concluded that hydrogen peroxide could not

be used to determine the total amount of organic matter present in the soil,

the organic fraction in this investigation was destroyed by ignition, after the

method of MitcheU (3), who found that ignition at 350® to 400®C. for 7 or 8

hours produced a well-oxidized sample but did not destroy or change the base-
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exchange capacity of the inorganic material. A sample equivalent to 25

gm. of oven-dry soil was ignited at 400°C. for 7 hours. It was then cooled,

placed in the percolation tube, and the exchange capacity was determined as

before.

The difference between the base-exchange capacity of the original sample

and that of the sample in which the organic matter had been destroyed repre-

sents the base-exchange capacity of the organic matter in the oven-dry soil.

The latter exchange capacity was then calculated to milliequivalents per 100

gm. of organic matter by the following formula:

Organic exchange capacity expressed in
X 100

millequivalents per 100 gm. of soil Absolute exchange capacity

Percentage organic matter present in the soil sample of the organic matter

DISCUSSION OF RESULTS

Figure 1 shows graphically the variation between the base-exchange capac-

ities of the different horizons. As a well-developed B horizon usually consists

of an accumulation of materials, one would naturally expect this horizon to

possess a fairly high base-exchange capacity, relative to the horizons im-

mediately above and below it. The graphs in figure 1, with one exception,

show a very definite inflection in the total base-exchange capacity curves,

and this increase in the exchange capacity corresponds exactly with the

horizons sampled in the field as horizons of accumulation.

From the total base-exchange capacity curves one must conclude that all

the soils studied, with the exception of Rubicon sand, possess more or less

well-defined B horizons. Furthermore, slight differences in the B horizons

are indicated by these curves. Among the soils studied, perhaps the best

illustration of a well-developed horizon of accumulation is shown by Isabella

loam, and this is reflected in the exchange capacity curve by a sharp inflection.

The corresponding curve for Selkirk loam has a slightly different shape, show-

ing a much less prominent inflection and a somewhat lower exchange capacity.

The horizon of accumulation is less well defined.

The total exchange capacity curves for Emmet and Kalkaska loamy sands

clearly indicate the presence of a B horizon developed in a sandy profile.

The inflection in the exchange capacity curve for the former soil type is a

little more abrupt than that for the latter, and would seem to indicate the

development of a fairly thin B horizon, whereas this horizon in the Kalkaska

soil type is possibly slightly thicker and grades less abruptly into the under-

lying sandy horizon.

A distinct difference in the shape of the curve for the Ogemaw soil type is

noted. Curiously, the inJfiection in this curve is not particularly abrupt and
the exchange capacity increases slightly in passing from the B to the C hori-

zon. This probably indicates a fairly fine textured C horizon, relative to the

B, and a thin transition zone between the B and C horizons.

The curve for Rubicon sand indicates that it possesses the least well-defined



Fig. 1. Base-Exchange Capacity oe the Doteeent Horizons in Six Podzouc
Soil Proeiles

1. Total base-exchange capacity. 2. Base-exchange capacity of the inorganic pordon

of the soil. 3. Base-exchange capacity of the organic fraction of the soil,

organic portion in Isabella loam, curve 3, shows a definite increase in the Bi

horizon, and this corresponds to a similar increase in the organic matter content

of this horizon (table 1). Curve 3 for Selkirk loam shows no inflection, and this

ill turn corresponds with the progressive decrease of organic matter content

with increasing depth in the profile (table 1). The curves for the inorganic

fractions of these two soils (curve 2) are very similar, and they illustrate the

fact that mineral material has accumulated in the B horizons and that most of
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the base-exchange capacity of the Bi, B2 ,
and C horizons in these soil types is

due to the inorganic portion.

Isabella and Selkirk loams have high base-exchange capacities in relation

to the other soils, because they are finer textured and possess a greater specific

surface. The effect of the organic matter is therefore less pronounced than

in the other four soil types, and it follows that the mineral fraction would be

the dominant one in the base-exchange reaction of the Isabella and Selkirk

samples.

The exchange capacity curves for the organic and inorganic fractions of

the Emmet, Kalkaska, and Ogemaw soils are very similar (fig. 1). The

curves for the organic portion show very definite inflections in the B horizons;

these inflections correspond to accumulations of organic matter (table !).

The total exchange capacity is but little influenced by the inorganic portion;

virtually all of it can be attributed to the organic matter present. A slight

accumulation of inorganic material in the B horizon is shown in the Kalkaska

soil.

TABLE 1

Organic matter content of the soil horizons

A.
1

A2 Bi B2 C

per cent per cent per cent per cent per cent

Isabella loam. 3.38 0.76 1.16 0.25 0.31

Selkirk loam 3.80 3.11 0.87 0.65 0.49

Rubicon sand. . ...— 2.50 1.21 0.91 0.49 0.16

Ogemaw sandy loam 1.70 0.43 1.27
^ "

0.55

Kalkaska loamy sand 1.67 0.57 1.60 0.79 0.12

Emmet loamy sand 5.37 0.64 1.62 0.48 0.14

The peculiarities of the Ogemaw sample, previously pointed out, can be

more easily explained by a closer examination of curves 2 and 3, figure 1.

The curve for the organic exchange capacity shows a very definite inflection

in the B horizon, which is associated with an accumulation of organic matter

(table i). The exchange capacity of the inorganic portion becomes pro-

gressively greater with increasing depth below the B horizon, and this accounts

for the gradual rise of the total base-exchange capacity curve. If one more

sample had been available (B2), curve 1 would undoubtedly have shown more

of an infiection, for at this point the influence of the inorganic portion would

not have been the dominant factor. Evidently in the lower Bi or upper C
horizon the proportion of fine-textured materials has increased, or the nature

of this fraction is different from that in the other sandy types, possibly because

of different environmental conditions.

In each of the six graphs of figure 1, the percentage of organic matter (table

1) follows the number 3 curves very closely; in other words, the base-exchange

capacity of the organic fraction usually increased as the percentage of organic

matter increased. The coefficient of correlation was found to be +.90, which



BASE-EXCHANGE. CABAaXY OE PODZOLIC . SOILS 229

shows that there is a very dose relationship between the organic base-exchange

capacity and the percentage of organic matter.

The percentage of the total base-exchange capacity due to the organic and

the inorganic fractions of the various horizons has been plotted in figure 2.

The dominant role played by the organic matter in the base-exchange reaction

of the sandy types is readily noted. Similarly, it can be seen that the organic

fraction of the Ai, and in several cases the As horizons, possesses a much
greater base-exchange capacity than does the inorganic portion of these

same horizons.

Fig, 2. Percentage oe the Total Base-Exchange Capacity Due to the Organic and

Inorganic Fractions of the Various Soil Horizons

Solid bars, organic; hollow bars, inorganic

The Isabella and Emmet soils are the only two in which the inorganic

fraction of the A2 horizon showed a greater exchange capacity than did the

organic portion. With increasing depth in these two profiles, with the ex-

ception of the Bi horizon of the Emmet and the C of the Isabella soil, one

notes a progressive decrease in the percentage of the total base-exchange capac-

ity due to organic matter and an increase in the percentage due to the inor-

ganic fraction. Except for the Bi horizons of both soils and the C horizon of

the Isabella, this is associated with the progressive decrease of organic matter

content with increasing depth. One other soil t3rpe, Ogemaw sandy loam, is

noted in which the organic fraction of the A2 horizon is not the dominant

fraction. Here the^M the organic and inorganic portions on the

exchange capacity are equal In the B horizon 84 per cent of the base-ex-
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change capacity is due to organic matter, showing considerable accumulation

of this material.

The diagram for Kalkaska loamy sand (fig. 2) presents a rather striking

picture in that the organic matter accounts for over 60 per cent of the base-

exchange capacity in all horizons within the solum. In the B horizon as much

as 85 per cent of the base-exchange capacity is due to organic matter, which

indicates considerable accumulation of this fraction.

The range in percentage of the total base-exchange capacity due to the or-

ganic matter in all the horizons studied is tabulated as follows by way of

summary:

HORIZON
MAXIMA. AND MINIMA PERCENTAGES OP TOTAL BASE-

EXCHANGE CAPACITY DDE TO ORGANIC MATTER

Ai 63.9-86.2

Ag 41.7-61.9

Bi 29.4-84.2

B2 17.4-85.0

C 16.2-33.3

The absolute exchange capacity of the soil organic matter (milliequivalents

per 100 gm. of organic matter) is plotted in figure 3. It is apparent that there

is a wide variation in the absolute exchange capacity of the organic fraction,

not only in the difierent soil profiles but also between horizons within the

same profile. This value for the organic matter in Selkirk and Isabella loams

is very much greater than that for any of the other soil types studied. This

dissimilarity undoubtedly reflects a difference in the chemical nature of the

organic matter present. It is logical to assume that the soil organic matter

developed in Emmet loamy sand, for example, has undergone a slightly

different type of degradation from that formed in Selkirk loam, because of

differences in pH, microorganisms, drainage, calcium content, and other

factors. For the same reasons one would expect the organic matter in the

various soil horizons to consist of material differing slightly in chemical com-

position. During the simple process of eluviation certain of the more soluble

fractions of the organic matter, and groups or portions of the organic material

easily hydrolyzed or split off
,
will be transported to lower horizons in the great-

est quantities, thereby affording a partial separation of the various organic

fractions.

The absolute exchange capacity of the organic fraction in the As horizon

of Isabella loam is extremely high and might be due to the very low organic

matter content, 0.76 per cent, of this horizon. This necessitates multiplying

the results by a factor greater than 100, and thus a slight error in determining

either the exchange capacity or the percentage organic matter would result

in a large final error.

The exchangeable calcium and magnesium found in the various horizons

of the Rubicon, Kalkaska, and Emmet soil samples are plotted in figure 4,
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Fig. 3, Absolute Exchange Capacity of the Organic Fraction Present in the

Various Soil Horizons, Expressed in Miluequivalents per

100 Gm. of Organic Matter

Fig. 4. Milliequivalents of Exchangeable CALauM and Magnesium Found in

Various Horizons of Three Podzolic Soils
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Exchangeable calcium and magnesium were not determined in the other

samples because most of their horizons contained free carbonates.

The surface horizons of all three soils contained a relatively large amount of

calcium, which was probably retained, primarily, by the organic matter

present. In the A2 horizons, however, the amount of exchangeable calcium

decreased tremendously and, with the exception of the B horizon in the Kal-

kaska sample, continued to decrease rapidly with increasing depth. The

Emmet sample below a depth of 1 foot, however, showed a gradual increase in

exchangeable calcium. Kalkaska loamy sand shows an accumulation of

calcium in the B horizon, and this may account, in part, for the pronounced

effect organic matter had on the base-exchange capacity of this sample (fig. 1),

Although calcium would tend to stabilize the organic matter and prevent its

loss by leaching, the percentage of organic matter present in the B2 horizon

of the Kalkaska sample is only slightly greater than that in the corresponding

horizon of the Emmet soil. Calcium, however, may have influenced the

chemical nature of the organic matter in this horizon, since its absolute ex-

change capacity is much greater than that of the organic matter in the B2

horizon of the Emmet sample (fig. 3). Thus, indirectly the presence of ex-

changeable calcium probably increased the base-exchange capacity of the

Kalkaska B2 horizon.

All three of the soils show a slight accumulation of magnesium in their

respective B horizons.

SUMMARY AND CONCLUSIONS

The base-exchange capacity of each of several horizons of six podzolic soils

—

Isabella and Selkirk loams, Rubicon sand, Ogemaw sandy loam, and Kal-

kaska and Emmet loamy sands—was studied. The base-exchange capac-

ities of the organic and inorganic fractions of these same samples were also

investigated.

A considerable variation in the total base-exchange capacity was noted

among the soils studied. Similarly, a wide variation in the base-exchange

capacity of horizons of the same profile was shown.

The base-exchange capacity of Isabella and Selkirk loams was due primarily

to the inorganic fraction of the soil, whereas the base-exchange capacity of the

four sandy soil was due principally to the organic fraction.

The organic matter present in the Ai horizons studied accounted for 64 to

86 per cent of the base-exchange capacity of these horizons. Similarly, the

organic base-exchange capacity constituted 42 to 62 per cent, 29 to 84 per

cent, and 17 to 85 per cent of the total base-exchange capacity of the A2, Bi,

and B2 horizons, respectively.

The coefficient of correlation between the organic exchange capacity and
the percentage organic matter was +.90.

A wide variation in the absolute exchange capacity of the organic fraction

was noted, not only among the different soil profiles but also between hori-
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zons within the same profile. It was concluded that this variation was

caused by differences in the chemical nature of the organic matter.

Exchangeable calcium and magnesium were determined in 15 samples.

The surface horizons were relatively high in calcium, which was probably

retained, primarily, by the organic matter. The Kalkaska sample showed an

accumulation of exchangeable calcium in the B horizon, and it was suggested

that, indirectly, this might account, in part, for the pronounced effect organic

matter had on the base-exchange capacity of this sample.

illl three of the sandy soil types showed a slight accumulation of exchange-

able magnesium in the B horizons.

In the soils studied, a relation between the increased base-exchange capac-

ity of the B horizons and the extent of development of these horizons was

proposed.
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A. NUCLEIC ACID DERIVATIVES

Nucleic acid derivatives have been shown to be present in preparations

from soil containing considerable concentrations of organic phosphorus. The

exact nature of the compounds present and of their relation to the organic

phosphorus, however, remains obscure (30). Further evidence on this sub-

ject was sought by studying material obtained from the Ai horizon of a podzol

soil.

Experimental

The material, obtained as described in a previous paper (8), was somewhat

purified by thrice repeated solution in water containing a little ammonia and

by reprecipitation in acidified 80 per cent alcohol. The products, P 12 from

experiment G, and P 13 from experiment H, were then analyzed for phosphorus

and for nitrogen by the micro-Kjeldahl method of Pregl (23). These analyses

are recorded in table 1.

The nitrogen contents of the preparations were very low and apparently were

unrelated to the phosphorus contents. The N/P ratios are only 0.63 and

0.33, whereas that for ribonucleic acid is 1.69, and hence the N content is

much lower than it would be if the organic phosphorus consisted only of simple

nucleotides. This indicates the presence of nonnitrogenous phosphorus com-

pounds, such as phosphoric esters of inositol.

Purine nitrogen was determined by the method of Levene knd co-workers

(15, 28). Samples weighing about 200 mgm. were refluxed for 4 hours with

10 cc. of 5 per cent H2SO4. The free purine was separated by precipitation

with Ag2S04,
and N was determined after decomposition of the Ag salt by

HCl. A determination on ribonucleic acid (Eastman) showed 66.0 per cent

of the total N as purine N, which is approximately the theoretical amount.

^ Contribution from the Faculty of Agriculture, McGill University, Macdonald College,

Quebec, Canada. Macdonald College Journal Series No. 149. Taken in part from a thesis

by W. J. Dyer presented in partial fulfilment of the requirements for the degree of doctor of

philosophy.

2 Assistant Professor of Chemistry and Research Assistant respectively.
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The nucleotide preparations, however, yielded only small amounts of purine

N, from P 12, 7.4: per cent, and from P 13, 11.4 per cent of the total N present.

When attempts were made to identify the purine constituents obtained in

the same way from about 5 gm. of the combined preparations, following the

methods of Levene and his co-workers (15, 16, 25), no adenine or guanine could

be detected. Instead, when the HCl solution obtained by decomposing the

Ag-purine precipitate was treated with NaOH, a precipitate appeared which

then redissolved on further addition of NaOH, neutralizing the solution to

Congo red.

The gel-like precipitate was insoluble in dilute HCl or H2SO4 and soluble in

NH4OH or NaOH. Guanine and h3rpoxanthine are insoluble in NH4OH
and soluble in dflute HCl, and adenine is soluble in both. Xanthine, on the

other hand, forms salts with strong acids which are readily hydrolyzed on

dilution or partial neutralization with the precipitation of the free substance,

and is readily soluble in alkalis. The murexide test on the purine solution

was positive. It is given by xanthine and guanine. W^eideFs test, not given

by guanine, was also positive, confirming the presence of xanthine. The

TABLE 1

Analyses of reprecipitated *^nucleotide” preparations

SAMPLE P N N/P

per cent percent

P12 4.50 2.84 0.63

P13 ! 5.88 1.92 0.33

quantity obtained was too small, however, to enable its isolation in a pure state.

Inorganic phosphate and pentose sugar, the other constituents of xanthylic

acid, were also present in the hydrolyzate. The sugar did not respond to the

Feulgen and pine shaving tests; hence it was not a deoxy sugar, and may be

presumed to have been ribose.

The filtrate from the purines released by dilute acid hydrolysis was freed

from Ag with H2S and subjected to drastic hydrolysis with 25 per cent H2SO4

at 175'^C., with the intention of releasing the pyrimidine bases. Sulfuric and

phosphoric acids were removed by means of Ba(OH) 2 ,
and excess Ba was pre-

cipitated by H2SO4 . When Ag2S04 was added to the slightly acid solution a

copious precipitate of Ag-purine separated. This was removed, and when the

filtrate was made alkaline with Ba(OH) 2 ,
a small precipitate formed corre-

sponding to Ag-pyrimidine.

The Ag-purine precipitate was decomposed with HCl, and the filtrate from
AgCi was gradually neutralized. No material separated until the congo red

end point was reached, but when neutrality was approached, a dense, flocculent

precipitate of impure guanine formed. This was removed and dissolved in
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liot dilute H2SO4. The solution was decolorized with charcoalj and the guanine

was again precipitated by the addition of NH4OH in excess, when it appeared

as pearly white, granular material. This product readily formed a picrate,

and gave a strong murexide reaction, confirming its identity as guanine. It

was further purified according to the directions of Levene and Bass (16, p. 110),

and a final yield of about 200 mgm. of almost pure guanine was obtained.

The supposedly Ag-pyrimidine precipitate was decomposed with H2S, and

the filtrate from AgsS was decolorized with charcoal and concentrated. No
material separated, and no crystals formed on the addition of picric acid.

The lAdieeler and Johnson test was negative. This behavior showed the

absence of any appreciable amount of pyrimidine substances.

Discussion

Preparations rich in organic phosphorus obtained from soil have been shown

repeatedly to release nucleic acid constituents on hydrolysis. Pentose sugar

and phosphoric acid have been observed in every instance, though the basic

constituents varied in the different preparations.

Shorey (27) obtained hypoxanthine, adenine, and cytosine from his various

preparations, although not all of these were necessarily present in any one

of them.

Schreiner and Lathrop (26) separated such materials from two soils and

from the same soils after treatment with live steam in an autoclave. The
yields were much smaller from the steam-heated soils, indicating that hy-

drolysis had taken place. Furthermore, whereas without heating, only xan-

thine from the first soil and hypoxanthine from the second were found free

in the soil, after heating, hypoxanthine, adenine, and cytosine were also ob-

tained from the first soil, and xanthine, guanine, and cytosine were also ob-

tained from the second. Shorey and Schreiner and Lathrop had no means

at their disposal for the detection of uracil; hence their results do not exclude

the possibility that uracil was present either in the preparations or free in

the soils.

Bottomley (5) prepared similar material from samples of English peat soils

by a modified method, using NaHCOs as an extractant. He observed that

mild acid hydrolysis failed to release more than a trace of purine substance.

On high-temperature hydrolysis with 25 per cent sulfuric acid, however, con-

siderable quantities of adenine were obtained. The pyrimidine uracil was

also released by this hydrolysis. Bottomley concluded that the original sub-

stance was an adenine-uracil dinucleotide derived from a partial decomposition

of plant nucleic acid. The other basic constituents of ribonucleic acid, guanine

and cytosine, were found in the alcoholic filtrate from the separation of the

product, indicating that they were present in the soils in a free state.

In this laboratory Wrenshall and McKibbin (29) prepared material from

muck and mineral soils, from which, after drastic hydrolysis, they also ob-
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tained adenine and uracil. The sample hydrolyzed was a composite from

several soils, but material from the muck soil predominated, which may

account for the coincidence of this result with that of Bottomley. Since the

existence of an adenine-uracil dinucleotide appeared to have been refuted, it

was concluded that the product was an impure mixture of mononucleotides.

In the present study of material obtained from the Ai horizon of a podzol,

xanthine was detected after mild hydrolysis, and guanine was obtained after

drastic hydrolysis. This is the first time that the presence of these two sub-

stances has been shown directly, although Schreiner and Lathrop obtained good

evidence for their presence in such material No pyrimidines were detected,

but the amount of guanine obtained was sufficient to account for most of

the nitrogen in the material

The foregoing evidence, considered by itself, seems to afford conclusive

proof of the widespread occurrence in soil of “nucleic acids,” using that term

in its broadest sense. The presence in the preparations of phytin and perhaps

other phosphates of inositol, as demonstrated in the following pages and by

the recent work of Yoshida (31), however, introduces a new factor which com-

promises that proof somewhat. It would be possible to explain the results

which have been quoted on the basis of mixtures of inositol phosphates and

nucleosides. Without prejudice, therefore, to the still strong probability that

certain nucleic acids are usually present, it would seem prudent to reserve

conclusions in this regard until final proof is forthcoming.

In commenting on the accumulated evidence, it is to be noted that all the

bases of ribonucleic acid and their deamination products have been obtained

at one time or another from these materials, although no instance has been

recorded where they were all present together. This indicates that we are

dealing with degradation products of ribonucleic acid. In at least one im-

portant respect, however, the soil compounds are different from known nucleic

acid derivatives, that is, in the hydrolytic release of the purine constituents.

The purines of ribonucleic acid and of the individual ribonucleotides are re-

leased by mild acid hydrolysis. In the present work the larger part of the

purine was not released by mild hydrolysis, and guanine was obtained only

after drastic treatment such as is required for the release of pyrimidines.

Bottomley recorded similar results in connection with the release of adenine,

as has been noted. A dose reading of Shorey^s work with this observation

in mind suggests that he, too, found it necessary to employ 25 per cent H2SO4

in order to release the purines. This result is taken to indicate that the purines

in the soilpreparations are not linked to ribose in the same manner as are the

purines in the known ribonucleotides or nucleosides. It is possible that this

difference in structure is associated with the resistance of the soil compounds

to enzymatic hydrolysis. In this connection it should be pointed out that

there are still important problems to be solved with regard to the structure of

nucleic acids and to their partial resistance to enzymatic hydrolysis (11 ).
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Summary

Analysis of soil ^^nucleotide” preparations showed that their N/P ratios

were very low, indicating the presence of nonnitrogenous compounds such

as phytin..

Dilute acid hydrolysis released only small amounts of purine, which was

identified as xanthine. A pentose, presumably ribose, and phosphoric acid

were also released by this hydrolysis.

Guanine was isolated after drastic acid hydrolysis. The amount obtained

accounted for most of the nitrogen of tiie preparation. No other purine or

pyrimidine substances were detected.

In discussing the evidence relating to nucleic acid derivatives in soil, it is

pointed out that these substances have not been proved to account for an

appreciable part of the organic phosphorus, although it is highly probable

that they do. A difference between the soil compounds and ordinary nucleic

acid derivatives is seen in the difficulty of releasing purines from the former

by acid hydrolysis.

B. PHYTIN

Evidence already cited had shown the probability that phytin is present

in soil and in the organic phosphorus preparations obtained from soil. Direct

attempts were therefore made to isolate this compound.

Experimental

Isolation and properties of soil phytin. A sample of soil organic phosphorus

preparation containing 4.32 per cent P was dissolved in dilute HCl and titrated

with FeCls solution according to the method of Rather (24). The presence of

a considerable amount of phytin was indicated, but the end point was so un-

certain that the result v/as considered only qualitative. The method of

McCance and Widdowson (18) was then applied. An excess of FeCls solution

was added to a N/6 HCl solution of the sample, and the dark-brown precipitate

which formed was coagulated by heating. This was separated and then de-

composed with 1 per cent NaOH by heating for 15 minutes in a boiling-water

bath. The Fe(OH)3 was removed, and the organic phosphorus in the solution

was determined. The results showed 2.12 per cent phytin phosphorus, which

was 49 per cent of the total phosphorus of the preparation.

The material precipitated by FeCis was obviously very impure. Only a

small amount was prepared, because of the scarcity of the original soil prepa-

ration. An attempt to isolate inositol from this product was unsuccessful.

A means was then sought by which phytin could be isolated directly from

soil. As phytin was known to be very resistant to alkaline hydrolysis, its

stability toward oxidation by alkaline hypobromite was investigated to de-

termine whether this treatment could be used to destroy extraneous organic

matter in soil extracts.
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A quantity of authentic phytin was prepared from wheat bran by the method

of Boutweli (6). This product contained 21.33 per cent P on the oven-dry

basis, as compared with 20.96 for C6H6024p6Ca6. To 5-cc. aliquots of a O.S

per cent solution of phytin in 0.1 N HCl were added 5 cc. of 5 A NaOH, 5 cc.

of saturated bromine water, and 10 cc. of water. After boiling for various

periods, the solutions were acidified, and the excess Br2 was boiled off. The

results of phosphate determinations on these solutions are recorded in table 2.

Only a slight degree of decomposition was observed in these tests, and this

may have been due to acid and allcaline hydrolysis as well as to the action of

hypobromite. Since a-humus is very readily oxidized by NaOBr or NaOCl

(7, 9, 19), it seemed practical to use such a treatment as a preliminary to the

direct separation of phytin from soil extracts.

A 50-gm. sample of the Halliday soil, No. 7, (8) was leached with iV HCl,

and treated with 500 cc. of 2 per cent NaOH solution on the steam bath. The

TABLE 2

Decomposition of phytin by alkaline bromine

TEST NUMBER TIME OF BOILING

j

PHYTIN P
PRESENT

INORGANIC P
FOUND DECOMPOSITION

minutes mgm.
1

mgm. mgm. P per cent

1 0 4.0 0.032

2 ^ 30 4.0 0.139 0.107 2.7

3* 40 4.0 0.300 0.268 6.7

4 60 4.0 0.194 0.162 4.0

5t 30 4.0 0.143 0.111 2.8

* Boiled almost dry after acidification,

t Excess Br was added in tliis test.

liquid was separated, brought to boiling, and treated with a solution containing

Br2 and NaOH in equivalent amounts until most of the dark color was dis-

charged. After acidification with HCl, the excess Br2 was boiled from the

extract. A solution of ferric chloride was added to half of the extract, which

was then digested for 20 minutes on the steam bath. No precipitation oc-

curred. Feustel and Byers (9) observed that a large proportion of the bromina-

tion products of a-humus are ether-soluble and that oxalic acid is one of the

products. It was thought that these compounds might be preventing the

precipitation of ferric phytate. The remaining half of the solution was ex-

tracted four times with 50-cc. portions of ether. On the addition of FeClg

a precipitate formed immediately and was removed. Further precipitation

occurred on the addition of four volumes of ethanol. The organic phosphorus

in the nonether-extracted portion was almost completely precipitated when
enough ethanol was added to make the final concentration of ethanol 80 per

cent. The results of this experiment are summarized in the following diagram,
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where figures are given to show mEiigrams of organic phosphorus in the various

fractions:'

iV-HCi

50 gm. soil

Residue

2 per cent NaOH

NaOBr
Oxidation

FeCia

Ethanol to

80 per cent

21
21

Ether Extract

2.0

FeCh

ppt.

19,0

ppt-

11.7
Ethanol to

80 per cent

-2.5

ppt.

6.8

This experiment showed the practicability of the Brg treatment, although

the products appeared to be very impure. A larger amount of the Hailiday

soil was now extracted. A 500-gm. sample was leached with 1000 cc. of N
HCl and heated overnight on the steam bath with 5 liters of 2 per cent NaOH.
The extract was brought to boiling and treated with Br2 dissolved in NaOH
until nearly decolorized, when it was acidified with HCl and the excess Biz

boiled off. The solution then contained 172 mgm. of organic P. After a 5

per cent excess of concentrated HCl was added, the solution was made up to

80 per cent ethanol. The precipitate which formed was separated, suspended

in hot water, and an excess of FeCls solution was added. The acidity was

adjusted to N/6 HCL After heating for 20 minutes on the steam bath, the

precipitate was centrifuged off and washed with N/6 HCL The product

contained 121 mgm. of organic P.

The alcoholic filtrate was treated with FeCls solution, and the precipitate

which formed contained the remainder of the organic P of the extract.

The precipitates so obtained were combined, and attempts were made to

purify them by reprecipitation. The material was suspended in 1 per cent

NaOH and decomposed by digestion on the steam bath for 20“30 minutes.

The Fe(OH)3 was removed, the filtrate acidified, and the product re-formed

by the addition of FeCls solution. Some extraneous organic matter was re-

moved in the filtrate, but the precipitate was brown, and the NaOH solution

obtained on decomposing it was dark colored. Bromine water was added until
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the color was discharged, the excess Brs was removed by acidifying and boiling,

and the cooled solution was extracted with ether. The solution was now color-

less, and when FeGls was again added, the precipitate appeared as a pure white

product, identical in appearance with ferric phytate. This material was found

to be entirely free of nitrogen.

Apparently the most suitable procedure is to precipitate the organic phos-

phorus from the brominated extract by the addition of FeCls and alcohol,

decompose this precipitate with NaOH, and discard the Fe(OH) 3 . The

NaOH solution should then be further brominated, acidified, extracted with

ether, and a final precipitation carried out in N/6 HCi by the addition of FeCls.

Satisfactory products have been obtained in this way from several soils and

also from two specimens of the soil ‘'nucleotide^’ preparation which had been

saved from the earlier work of Wrenshall and McKibbin (29).

A sample of the precipitate so obtained was decomposed with NaOH, and

Fe(OH)3 was removed as usual. Analysis showed that the solution contained

48.6 mgm, of P; the Fe(OH)3 contained 63.8 mgm. of Fe, determined by the

dipyridyl method (20); hence the P/Fe ratio was 0.76.

A sample of another similar preparation was washed with alcohol and ether

and dried in a vacuum, when it weighed 59.7 mgm. It was decomposed with

NaOH, and P and Fe were determined. The P content was found to be

9.97 per cent; the Fe, 14.4 per cent; and the ratio P/Fe, 0.69.

No analyses of ferric phytate preparations were found in the accessible

literature. A specimen of ferric phytate was prepared by the addition of

excess FeCls to an acid solution of the authentic phytin from wheat bran.

The ratio P/Fe was found to be 0.71.

The possible effect of bromination was taken into account by boiling with

Br2 a portion of the Na-phytate solution obtained in the previous test. The

Fe-phytate which was obtained after this treatment was found to have a

P/Fe ratio of 0.68.

Another sample of authentic Fe-phytate, prepared in the same way, was

washed with alcohol and ether and dried in a vacuum. On heating in an air

oven at 105®C., the preparation decreased in weight by 17.5 per cent. This

result is in agreement with the observation of Posternak (22) that phytin salts

usually contain much moisture which is difficult to remove. Analysis gave

the following results, expressed on the oven-dry basis: P, 15.6 per cent; Fe,

23.6 per cent; P/Fe = 0.66.

The P/Fe ratios observed in these preparations were much lower than had

been anticipated. A specimen of Fe-phytate was prepared by adding to a

phytin solution less FeClg than was required to precipitate all the phytin.

The precipitate was washed with alcohol and ether and dried in a vacuum.

On heating in the air oven at 105®C., the loss in weight was 9.64 per cent. A
portion was decomposed with NaOH and analyzed as before. The results

were as follows: P, 19.1 per cent; Fe 17.3 per cent; P/Fe = 1.10. Also a

portion was ignited with Mg(N03) 2 ,
and the HCI solution of the ash was
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analyzed. The P content was found to be 19.8 per cent; the Fe, 17.3 per cent;

and' the 'ratio, P/Fcj 1.14.

The P/Fe ratio of this preparation dilffers greatly from those previously

determined, and corresponds fairly well with the values found by titration

(24). No excess of Feds was present during the precipitation, and hence the

product doubtless corresponds to the one formed during titration. It appears

that there are two iron salts of phytin and that the product isolated from soil

corresponds closely to one of them.

Ratios of P/Fe w^ere now estimated by FeClg titration according to Rather

(24). Sodium phytate solutions were prepared by decomposing Fe-phytate

with NaOH, and corresponding solutions were obtained by decomposing the

soil product. Aliquots of these solutions were acidified and rendered N/6
with respect to HCl, and 2 cc. of 0.3 per cent NH4CNS was added to each.

They w^ere then titrated with standard FeCls solution until a brown color was

produced which persisted for 5 minutes. The results obtained are shown

in table 3.

TABLE 3

Titration of Na-phytate solutions with FeCk

SOLUTION TITRATED P PRESENT Fe ADDED P/Fe

msm. mgm.

l.\ T 1 M • f 1.41 1.10 1.28) . «

2 >
Na-salt ex. soil preparation <

1.41
!

1.19 1.19]

3
.] [

1.47 1.32 1.11]

3.51 • 2.74 1.28> 1.20

5-1 i
3.51 2.92 „ 1 . 20

]

Great accuracy was not attained because of the smallness of the titers, but

it is evident that there is no appreciable difference between the P/Fe values

of these preparations. Furthermore, these values agree with those reported

by other workers. Heubner and Stadier (13) found 1.19, Rather (24) found

1.21, and these values have been accepted by later workers (4, 12) .

Average values for P/Fe ratios found by analysis of preparations and by
titration are given in table 4, along with calculated values for hypothetical

ferric phytates. The titration values agree very well with either the hepta-

ferric salt of inositol pentaphosphoric acid, assumed by Rather (24), or the

octaferric salt of inositol hexaphosphoric acid, which seems the more probable

on theoretical grounds (2). The ratio found for the ferric salt precipitated in

the presence of excess phytin also approximates these calculated values. The

salts precipitated with FeCb in excess appear to contain somewhat more Fe

than the theoretical iron-saturated salt.

The Fischler and Eurten test for phytin (10) was applied to the NaOH solu-

tions from ferric phytate and from the soil preparation. Ten milliliters of
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aliquots of the solutions, each containing about 2.S mgm. of P, were evaporated

to syrupy consistency in small flasks. Each showed a greenish yellow color

at this stage, A few milligrams of solid Na202 and 2 drops of water were

mixed into each residue. The flasks were then carefully heated over an open

flame until a carmine-red color appeared and spread throughout the mixture.

Intense carmine-red colors developed in both tests.

Enzyme dephosphorylation. A water extract of the mucosa of pig’s intestine

was prepared. Such an extract is said to contain both diesterases and mono-

esterases (17), and is supposed to be virtually devoid of phytase (21). Ten

TABLE 4

Comparison of various PIFe ratios

MATERIAL

P/Fe

By analysis of
theFe-salt

By titration of
the Na-salt

Calculated

i

Soil Drenaration (excess Fe)
i

0.72 1.23

Authentic phytin. (excess Fe) 0.69 1.20

Authentic phytiu (excess phytin) i 1.13

(C6H6 -H4(P04) 6]3 Fes. 1.24

IC,iH60H-H8(P04)t]3 Fe? 1.19

C6Hr(P04)6 Fe4 0.83
1

TABLE 5

Phosphatase dephosphorylation

test SOLUTION
OR-

GANIC P
ADDED

INORGANIC P FOUND DECOMFOSmON

0
days

3

days
6

days
10

days
3 days

6
days

10
1

days
3

days
6

days
10

days

Mgm. mgm. mgm. mgm. mgm.
1

mgm.F mgm.
P

1

mgm.
F

per
cent*

per
cent*

per
cent*

1. Control. 0.0 0,18 0.55 0.58 0.58 \

2. Nucleic acid 4.85 0.18 3.09 4.00 4.23 2.54 3.42 3.65 52.4 70.5 75.3

3. Na-salt from soil

.

1.22 0.19 0.66 0.82 0.91 0.11 0.24i 0.33 9.0 19.6 27.0

4. Na-phytate. . , . .

.

1.43 0.18 0.52 0.60 0.66 -0.03 0.02 0.08 0.0 1.4 5.6

* Of organic P,

milliliters of this extract was added to 5 cc. of test solution, which was then

adjusted to approximately pH 8.5 (phenolphthalein) . One milliliter of toluene

was added, and the solutions were incubated at 3S°C. At intervals aliquots

were withdrawn for the determination of inorganic phosphate. The test

solutions contained H2O (control), ribonucleic acid (Eastman), Na-salt of soil

preparation, Na-phytate. The results are shown in table 5.

The nucleic acid was 75 per cent dephosphorylated, in accordance with the

observation of Guliand and Jackson (11). The sodium phytate was hydro-

lyzed to a slight but appreciable extent, and the compound from soil released

27 per cent of its phosphorus under the same conditions.
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Asubstance with considerabie phytase activity was extracted from a quantity

of wheat bran with five times its weight of cold water (21). To 10 cc. of test

solution, 3 cc. of this extract was added, and the pH was adjusted to about

4.7 with p-nitrophenol indicator (14). The solutions were made up to 15 cc.,

1 cc. of toluene was added to each, and they were incubated at 35®C. The

test solutions contained H2O (control); Na-phytate; Na-salt of soil prepara-

tion; Na-phytate, previously brominated; Fe-phytate in suspension; ribo-

nucleic acid. The results of phosphate determinations made at intervals

are given in table 6.

TABLE 6

Phytase dephosphorylatmt

TEST SOLXmON
ORGANIC

P
INORGANIC P EOXTND P DECOMPOSITION

ADDED
0 days

I

3 days 7 days 3 days 7 days 3 days 7 days

mgm. mgm. mgm. mgm. mgm.F mgfft.F per cent* per cent*

1. Water (control) 0.0 0.84 1.12 1.12

2. Na-phytate 2.86 0.88 3.45 3.56 2.33
1

2.44 81.5 85.3

3. Na-salt from soil 2.44 0.87 2.84 3.30 1.72 2.18 70.5 89.4

4. Na-phytate, brom-
|

mated 1.47 0.89 2.34 2.52
'

1.22 1.40 : 83.0 95.2

5. Fe-phytate 1.47 0.81 1.10 1.16 -0.02 0.04 0.0 2.7

6. Nucleic acid 2.91 0.86 3.22 3.22 2.10! 2.10 72.2 72.2

* Of organic P.

TABLE 7

Action of bran extract on AU, Fe-, and Ca-phyiaies

TEST SOLUTION
ORGANIC

P
ADDED

INORGANIC P POUND !
DECOMPOSITION

1

0 days 3 days 7 days 3 days 7 days 3 days
!

7 days

mgm. mgm. mgm. mgm. mgm.F mgm.F per cent* per cent

1. Control • 0.0 1.11 1.38 1.38

2. Al-phytate 1.29 1.02 1,26 1.27 -0.12 -O.ll 0.0 0.0

3. Fe-phytate. ...

.

1.45 1.04 1.40 1.26 0.02: -0 . 12 ! 1.4 0.0

4. Ca-phytate ........ ? 1.16 2.80 2.72 1.42 1.34

* Of organic P.

The Na-phytate, and the Na-salt of the soil preparation were vigorously

attacked by the enzymes of bran extract, which released 85-95 per cent of

the organic phosphorus. Apparently phosphatases were also present, as

nucleic acid was 72 per cent dephosphorylated within 3 days. The Fe-

phytate was extremely resistant to the action of the enzymes present.

The stability of Fe-phytate toward phytase suggested that the phytin in

soils might be present in combination with iron and so be protected from

enzymatic hydrolysis. The possibility was also suggested that other insolubie

compounds of phytin might be formed in soil. This supposition was confirmed



'246' G. L. WRENSHALL AND W. J. DYER

when it was found that aluminum also precipitates phytic acid from solution,

presumably as an Ahphytate. This product was prepared in exactly the same

way as Fe-phytate, and precipitated readily from solutions as acid as pH 1.8.

A further enzyme experiment was conducted to test the action of bran

extract on Al-phytate. To 10 cc. of test solution, 3 cc. of bran extract was

added, the acidity was adjusted to about pH 5.0, and the whole was made up

to 15 cc. One milliliter of toluene was added, and the solutions were incubated

at 35°G. The test solutions contained H2O (control); Al-phytate in suspen-

sion; Fe-phytate in suspension; Ca-phytate, partly undissolved. The results

of periodic analyses for phosphate are given in table 7.

The Al-phytate appears to be fully as resistant to enzyme action as Fe-

phytate. Ca-phytate, which is appreciably soluble at pH 5.0, was rapidly

decomposed.

Discussion

The evidence which has been presented seems to establish beyond doubt

the presence of phytin in the soils which have been studied. The ratio of

P to Fe in the product obtained corresponded with that of authentic ferric

phytate. The Na-salt responded to the Fischler and Kurten test (10), believed

to be specific for phytin, and also behaved toward enzyme extracts in a manner

comparable with that of authentic Na-phytate. Moreover, the procedure

by which the material was obtained from soil affords additional proof of its

identity. So far as the writers have been able to discover, no other organic

phosphorus compound forms a ferric salt that is insoluble in N/6 HCl. This

remark applies equally to inositol triphosphate and to inositol monophosphate,

as was shown by Anderson (1, 3), who first characterized these compounds.

The presence of phytin itself is not to be confused with, and, of course, does

not preclude, the presence of other inositol phosphates, evidence for which was

recently obtained by Yoshida (31).

The observation that Fe- and Al-phytates are virtually immune to the action

of phytase in slightly acid medium affords a clue to the condition in which

phytic acid is present in soils. In order to persist unchanged, phytic acid

would have to be protected from the enzymes of soil microorganisms, and it

now seems that this could be possible, at least in acid soils, if it were combined

with Fe and Al. This need not imply that Fe- and Al-phytates as such are

present in the soil. It is probable that the fixation of phytin is analogous to

that of inorganic phosphate and can be effected by the active sesquioxide

constituents of the soil colloids, without the latter's necessarily passing into

solution. It is believed that the primary requirement for stability is that the

phytic acid be rendered highly insoluble.

The extent to which phytin may accumulate under various soil conditions

is unknown. The combination with Fe or Al is likely to be unstable under

alkaline conditions, but Ca-phytate is relatively insoluble in alkaline solution

and might persist in certain calcareous soils. The activity of phytase en-
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zymes doubtless is influenced considerably by tbe pH of tlie medium, introduc-

ing another factor affecting the stability of these combinations. Presumptive

evidence, however, that phytin is present in most soils is seen in the general

behavior of the organic phosphorus in extraction and fractionation procedures

that have been employed at various times in different localities and in the

results of Dean (7), who observed organic phosphorus stable to NaOH +
NaOBr in soils from several parts of the world.

Summary

A substantial part of the organic phosphorus of the so-called soil ^hiiicleo-

tide’’ preparation was precipitated as a ferric salt in N/6 HCL The same

material was precipitated from brominated soil extracts under suitable con-

ditions and finally was obtained in an apparently pure condition. This

product was free of nitrogen and contained phosphorus and iron in the same

ratio as did ferric phytate similarly prepared. The sodium salt of the soil

product gave the Fischler and Kurten test for phytin and corresponded to

authentic sodium phytate in titration with ferric chloride and in its behavior

toward enzyme extracts.

In the course of the work it was shown for the first time that phytic acid

forms two distinct ferric salts, corresponding approximately to the formulas

[C6Hio(P04) 6] 3Fe8 and C 6H 6(P04) 6Fe4 . It was also found that a compound

of aluminum with phytic acid was insoluble in acid solution.

It was observed that the preparations of ferric phytate and aluminum phy-

tate were not subject to dephosphorylation by brain phytase in acid solution.

In discussing the results it was concluded that the identity of the compound

obtained from soil had been established as ferric phytate. The probability

that phytic acid is a common constituent of soils and that, in acid soils, it

may exist in combination with iron and aluminum was pointed out.
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In literature concerning ferrous iron in soils there has been a controversy

on three points: (a) Does ferrous iron enter into base-exchange reactions?

(b) Does the downward movement of iron in soils such as podzols take place

in ferrous condition? (c) Is ferrous iron present in large quantities in ordinary

healthy soils? In connection with the last point, Willis and Piland (6) put

forward a hypothesis that the intake of ironby plants depends on the oxidation-

reduction potential of the soil, and they suggest that the absorption of iron by

plants is influenced by copper because this element affects this potential.

Kdiman (3) asserts that plants reduce iron and absorb it in the divalent form.

From these statements one can infer that in soils there is a dynamic equilib-

rium between the ferrous and the ferric iron, an equilibrium which is influenced

by the oxidation-reduction potential of the soil. This hypothesis suggests

the presence of ferrous iron in soil.

The work reported was undertaken in an attempt to elucidate some of these

points, as well as to determine some other properties of soil iron,

LABORATORY INVESTIGATIONS OR SOIL RERROXJS IRON

The earlier methods of determining inorganic ferrous iron in soils are open

to criticism on the grounds that they depended on reduction of potassium

permanganate solution, which is not a specific reaction for inorganic ferrous

iron. In the work here presented the ferrous iron was determined according

to the method suggested by Ignatieff (2). By this method the soil samples

are extracted with 3 per cent aluminum chloride solution, and the ferrous

iron of these extracts is determined by means of a dipyridyl reagent. The
properties of dipyridyl and its formation of a red complex with ferrous iron

have been discussed in the paper cited.

Some further work was carried out to test the value of aluminum chloride

solution as an extractant reagent. It was shown (table 1) that very much
larger quantities of ferrous iron can be extracted from soils with aluminum

chloride solution than with water or even with such solutions as ammonium
chloride or potassium chloride.

In choosing an extractant it is very important to select a reagent that will

^Contribution from the department of soils, University of Alberta, Edmonton, Canada.

2 Lecturer and Research Assistant.
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not cause tlie reduction of iron. This was a diflSLCulty encountered by Morison

and Boyne (4) when they tried to use dilute HCl for extracting ferrous iron

from soil: iron was reduced by dilute HCl in the presence of organic matter.

It was proved experimentally that aluminum chloride solution does not

cause the reduction of iron during the short time necessary to make the ex-

traction, despite the fact that as a result of hydrolysis 3 per cent AIGI3 solution

would contain HCL Ferrous iron was either absent from these extracts or

present in very small quantities. If samples of the same soil were kept under

water for varying periods of time ranging from a few hours to 2 weeks and then

extracted with aluminum chloride solution, increasing quantities of the divalent

TABLE 1

Amounts offerrous iron extracted per gram of moist gray wooded soil by 0.56 N solutions

EXXSACTANT pH OF SOLUTION Fe"

Water 7.40

gamma

traces

ECl solution. 6.18 129

NH4CI solution 5.92 142

AICI3 solution 2.92 443

TABLE 2

Ferrous iron extracted with AlCk solution from Hack soil incubated under water and under

AlCh solution

Gamma of ferrous iron per gram of soil

HOUES

0 4
i

20 46 71 340

Black soil incubated in 3 per cent Aids solution 0.8
1

1.2 2.1 3.3 4.3 35.0

Black soil incubated in water, 0.8 1.1 1.5 1.7 2.6 542.4

iron were extracted, depending on the length of time the samples had been

submerged. When other samples of the same soil were kept under aluminum

chloride solution instead of water, the quantities of ferrous iron in the extract

increased gradually, but the reduction of iron was much less rapid after 71

hours in soil samples under aluminum chloride solution than in those kept under

water. The results of the experiment are presented in table 2.

It will be noted that the increase of ferrous iron in the extracts from the soil

submerged under aluminum chloride does not take place to any appreciable

extent until the soil sample has remained in aluminum chloride solution for a

great number of hours.

It was of importance to ascertain what proportion of the ferrous iron in a

soil soluble in a 3 per cent aluminum chloride solution could be brought into

solution on the first extraction. Samples of soil from a glei horizon high in
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ferrous iron were extracted five times with 3 per cent solution of aluminum

chloride, and the content of ferrous iron in these extracts was determined. The

results of the experiment are presented in table 3. These figures show that

80 per cent of the ferrous iron is brought into solution from the soil on the first

extraction.

It was realized that ferrous iron compounds are fairly readily oxidized,

especially when these are in solution. From a survey of the literature, how-

ever, it was impossible to come to any definite conclusion as to the stability

of the divalent iron in soil. If the ferrous iron in soil were stable it would be

TABLE 3

Conseadive eodmctions of soil samples of a glei horhon by 3 per cent AlCh solution

Fe" PER GRAM
MOIST son.

PER CENT
EXTRACTED

1st extraction

gamma

435 80

2nd extraction 67 12

3rd extraction 20 4

4th extraction 13 2

Sth extraction. 12 2

TABLE 4

Effect of storage of samples on the ferrous iron content of the soil soluble in a 3 per cent AlCk
solution

Fe'' PER GRAM OVEN-DRY SOIL

At time of sampling
48 hours after

sampling

gamma gamma

Peat abutting glez horizon

|

913 304

555 724

Glei horizon J
244 37

1 640 259

possible to collect the samples in the field and carry out the determination in

the laboratory, as is the usual practice in the determination of other elements

in soil samples. The experimental results presented in table 4 demonstrate,

however, that the ferrous iron content of soil samples changes on storage even

during a short time.

The ferrous iron content of different soil samples was determined in the field

immediately after sampling, and the determinations were repeated on the

samples 48 hours later in the laboratory. The samples had been kept in

sealed containers. It will be noted that the ferrous iron contei^t in most of

the samples had decreased very markedly; however, in one sample of peat

which contained about 317 per cent of moisture the ferrous iron concentration
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actually increased. From these results it became evident that for reliable

estimation of divalent iron in soils it is imperative to carry out the deter-

minations in the field at the time of sampling.

It was thought that the ferrous iron in soil samples might be rapidly oxidized

during the process of extraction, and therefore some samples were extracted

with aluminum chloride solution under a protective covering of mineral oil

This experiment showed that small quantities of ferrous iron were oxidized

when no oil was used to cover the surface of the extracting liquid. As the

quantities of ferrous iron oxidized are small, however, and the use of oil adds

to the difficulty of deternxination, especially when carried out in the field, oil

was generally not used in the determinations.

It was reported in a previous paper (2) that the reduction of iron in solutions

would be caused by exposing such solutions to light. It was suspected that

TABLE 5

The reduction of iron of a soil extract in buffer solution at pH 4,6 and <xa dipyridyl when exposed

to sunligM

AlCla solution used as soil extractant

TSEATSEENT

Fe" IN GAMMA PER 10 CC. OE EXTRACT

Before treatment After treatment
After reduction

with hydroquinone

Exposed to sunlight:

15 minutes — .

.

5.6 21.0 54.6

25 minutes S.6 29.4 56.0

30 minutes . 5.6 30.8 54.6

36 minutes 5.6 39.2 58.8

Kept in darkness. .... 5.6 8.4 54.6

great errors may result if aluminum chloride solution extracts of soil containing

both ferric and ferrous iron are added to the buffer of pH 4.6 containing aa
dipyridyl for the determination of ferrous iron and then left exposed to sun-

light. The experimental results presented in table 5 clearly indicate that such

procedure could indeed be responsible for grave errors.

It is interesting to note (table 5) that the initial content of ferrous iron in 10

cc.of soil extract was 5.6 gamma, whereas the ferric and ferrous iron amounted
to 56 gamma. The iron extracted from the soil (last column, table 5) re-

mained fairly constant but the ferrous iron increased from 5.6 to 39.2 gamma
after 36 minutes' exposure to sunlight. These data indicate that some of the

ferric iron had been reduced as the result of exposure to sunlight. In contrast,

the sample of soil extract kept in darkness showed only 8.4 gamma of ferrous

iron compared with 39.2 gamma for the exposed sample.

It was of great interest to ascertain whether sunlight caused the reduction

of iron in the soil itself. The figures in table 6 demonstrate that reduction of
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iron in soil can be brought abont by sunlight. It would appear that the

temperature was not the factor responsible for the differences obtained* The

experimentar results with soils suspended in aluminum chloride solution and

TABLE 6

EJ'ect of sufdigM on iron content of soil in AlCh solution exposed to sunlight

ISON PES GSAM OVEN-DEY sou.
:

nEMPEEATTOE
OP AlCU

Fc" Fe'''
SOLUXION

gamma
!

gamma T.

Exposed to sunlight:

0 minutes 3.4 11.1 26

15 minutes 7.7 15.4

30 minutes 10.7 13.7 27

60 minutes 15.4 16.2 29

95 minutes ! 17.1 14.5 27

130 minutes 20.5 14.5

Soil kept in darkness for duration of experiment.

.

3.4 14.9 22

Soil exposed to heat equivalent to that of the sun

but not to the light of the sun for duration

equivalent to that of the experiment. 6.0 17.1 28

TABLE 7

Ferrous iron in seepage water from black, gray wooded, and glei soils submerged under water

WATESLOGGING PESIOD SOIL
PER CUBIC CENTI-

METER OP PERCOLATE
Fe" PER GRAM OVEN-DRY

son.

days gamma gamma

1 Glei 0.4

2 Glei 0.4

6 Glei 0.7

Black 4.0

8 Gray wooded 13.0

Glei 1.0

18 Glei 1.0

Black 18.0

20 Gray wooded 39.0

Glei 1.2

Black 53.0 1961

37
1

Gray wooded 62.0 1123

Glei 2.0 265

exposed to sunlight are more definite than those obtained with untreated soil,

but the data for the untreated soils show a similar trend. Different types of

soils were used and a similar success was not achieved in all cases.

The data presented in table 1 suggest that ferrous iron enters into the base-
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exchange complex of tiie soil. In table 7 are reported the results of an experi-

ihent in which soils were submerged under water in percolators. At different

periods of time the water was allowed to pass out of the percolators and was

analyzed for ferrous iron. At the end of 37 days the percolates and the soils

were analyzed, giving the results shown in the table. From the figures it is

evident that the water percolating through the soil could bring into solution

only a small fraction of the ferrous iron present in the soil.

In an experiment, the results of which are shown in table 8, the effect of

submerging soil under water with drainage and without drainage is compared.

About 800 cc. of water was allowed to drain away daily from those percolators

in which drainage was permitted. It is seen that the total amount of ferrous

iron that is rendered water soluble is greater in the percolators that were not

TABLE 8

Effect of drainage on some of the properties of water4ogged soil; Eh values of the percolates, the

amount of water passing through the percolators, and total water-soluble ferrous

iron in each percolator

raacoiAToa
NUMBER

AMOUNT OF WATER
PASSED THROUGH
SOIL IN 16 DAYS

PRESENT AFTER 16 DAYS

Eh VALUES OE THE
PERCOLATESIn soil solution plus

amount washed out
of soil

In soil solution

CC. gamma garntna millivolts

1 10,000 10,500 4-111

3 14,000 11,200 4-166

5 :
: 15,000 13,300 4-166

2 22,500 4-98

A ... 15,500 4-82

6 14,000 4-103

Note: Gray wooded soil was used in all percolators.

In percolators 1, 3, 5, water was allowed to pass in amounts indicated.

In percolators 2, 4, 6, soil remained undrained.

drained than in those allowed to drain. The Eh values (table 8) were measured

and proved to be higher in the percolates from the drained soils. From table 9

it is seen that ferrous iron formed rapidly in unsterilized soil under water but

not in steam-sterilized waterlogged soil maintained under aseptic conditions.

The ferrous iron content of steam-sterilized soil is much greater immediately

after sterilization than that of the unsterilized soil.

A rise in aluminum chloride soluble ferrous iron takes place during auto-

claving. This is well demonstrated in table 10. Black soil, in crocks covered

with paper, was sterilized in an autoclave. The ferrous iron content of the

soil was determined before sterilization, immediately after sterilization, and at

different intervals after sterilization. The analyses were made on different

crocks to prevent any interference from organisms. It appears that steam

sterilization causes a rise in aluminum chloride soluble ferrous iron, and some of
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tMs' ferrous iron persists in the soil for a considerable time (tables 9 .and 10).

There is a fairly; rapid disappearance of this divalent . iron during the first

few hours, but within several days the ferrous. iron content of the soil becomes:

fairly constant. It is interesting to note that even after 28 days, (table 10)

there is as much as 8.2 gamma of ferrous iron per gram of dry matter in the

black soil, which normafly does not contain more than 1.0 gamma of ferrous

iron per gram of dry matter.

TABLE 9

Ferrom iron content of Umh soil under water- as affected by steam steriUmtion and incubation

for long periods cf time

INCUBATION MEWOB
,

Fe'' PES G31AM OF son.

Unsterllized Autoclaved

hours gamma gamma

0, 0.7 102

5 64

20 : 0.7 1 70

44
’

1.4 82

99 18.0 82

363 (15 days) : 302.0 19

1035 (43 days) i 2100.0 25

TABLE 10

Ejfect of steam sterilization onferrous iron in black soil

TSEATMEKT Fe'" PEE GEAM OF OVEN-
BEY SOIL

Before sterilization .

gamma

0.6

Immediately after sterilization. 65.0

1 dayafter sterilization. • 11.7

3 days after sterilization 14.9

9 days after sterilization. .. ,9.7

28 days after sterilization. 8.2

PIELD INVESTIGATIONS OE FERROUS IRON IN SOME ALBERTA SOILS

It has been previously mentioned that the ease with which ferrous iron in

soil was oxidized necessitated carrying out the determinations in the field.

The results of experiments just quoted definitely indicated that the soil and

soil extracts must be carefully protected from light and especialy from sun-

light. For this reason all vessels used were covered with black paper.

The field method of determining ferrous iron in soils is the same in principle

as that described in a previous paper (2). Twenty grams of soil were extracted

with 50 cc. of 3 per cent aluminum chloride solution. The extraction was

performed by thoroughly stirring the soil suspension with a glass rod. The
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suspension was then centrifuged in a hand centrifuge. Measured quantities

of the supernatant clear liquid were pipetted into IS to 20 cc. of buffer solution

ofpH 4.6 containing aa dipyridyl The color developed was compared against

a standard. Sanoiples were also taken for determining the moisture content of

the soil

It must be understood that the ferrous iron content of soils reported in this

paper refers to the iron soluble in a 3 per cent solution of aluminum chloride;

this does not necessarily represent the total ferrous iron content of the soils.

Furthermore, it must be remembered that the first extraction of soils by

aluminum chloride solution removes only about 80 per cent of the ferrous iron

soluble in this extractant. Alpha alpha dipyridyl will not form a red complex

with ferrous iron attached to a nitrogen atom. Compounds of this nature,

if they existed in the soil, would not be determined by the method outlined.

TABLE 11

AlCk-soluble ferrous iron in the different horizons of a peat hog

DESCKimON OJ? HOBJZONS DEPTH j

Fe" PER GRAM
OVEN-DEV son.

MOISTTOE, DEY
BASIS

Peat.

inches

6-12

1 gamma

15

per cent

427

Peat. 18--24 360 400

Peat just overlying the loam 24-25 954 354

Dark brown heavy silty loam high in organic

matter.... 25-26 318 82

Light brown heavy silt loam 26-28 276 32

Blue-gray clay loam . 28 244 16

It is doubtful, however, whether iron compounds similar to haemoglobin

exist in the soil (1).

Genetically the soils termed ^^gray wooded’^ in the literature of the soils

department of the University of Alberta are similar to podzol soils. The
black soils of Alberta closely resemble the chernozems. Dozens of samples

were analyzed in the field at widely divergent points, covering both gray wooded

and black soils. Analyses were carried out on samples from different depths

and from soils under different types of vegetation.

It was also possible to analyze samples from peaty swamps and samples of

black soil that had been submerged during the spring thaw and rains. Deter-

minations were also carried out on the waters draining away and overlying

these wet localities.

The analyses for the fertile black and gray wooded soils in dry situations

are not tabulated because no outstanding results were obtained. One may
summarize the data by saying that healthy gray wooded and black soils to a

depth of about 2 feet appeared to contain only the smallest amount of ferrous

iron, not more than 2 to 3 p.p,m. There were samples of both classes of soil
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in whicli no ferrous iron or only traces were found. Analyses of soils under

different vegetation, such as grain crops, pasture, or woodland, did not reveal

any definite differences in ferrous iron content. There were indications,

however, that some of the gray wooded soil samples contained slightly greater

amounts of ferrous iron than did the black soils.

In table 11 are shown the figures obtained on the different horizons of a

peat bog. It will be noted that from 18 inches downward the concentration

of ferrous iron is high and that it is much higher in the peaty horizon immedi*

ately above the loam than in the silty loam horizon. This very high concen-

tration can be partly explained by the low specific gravity of the peat: the

results are reported on the basis of 1 gm. of dry matter; since 1 gm. of peat has

a much greater volume than 1 gm. of loam, peat would provide a much larger

surface for absorption of ferrous iron.

TABLE 12

AlCh-soluhle ferrous iron of the different horizons of a peat hog and of a gray wooded soil

DESCSIPXION OF HOSIZONS DEPTH Fe" PEE GEAM
OVEN-DEV son,

1

i

MOISTUEE, DEY
BASIS

Peat

inches

15

27-

28

28-

30 1

Below 30
1

0-6
1

12-18
1

gamma

0

262

112

222

0

28

per cent

376

317

45

18

22

14

Peat just overlying loam

Brown loam

Blue-gray clay loam

Gray wooded soil (50 yards from peat bog).
|

In table 12 are presented the results of analyses on samples of soils taken in

two localities some 50 yards apart, one in a peat bog, and the other on higher

ground representing the gray wooded soil. The high ferrous iron content of

the glei horizon clearly indicates the effect of soil moisture on the ferrous iron

content of the soil. The two locations were chosen so close together in order

that climatic conditions such as rainfall and temperature might be as nearly

alike as possible. It was also noted that the physical composition of the

inorganic fraction of the soil in the two localities was similar. The peat bog

was formed in a basin, and the gray wooded soil was developed on the rising

land forming the sides of this basin. The moisture content of the samples of

the peat overlying the glei horizon is very high.

It was of interest to ascertain the effect of waterlogging of soil that under

normal conditions is dry. A field in the black soil zone was selected, and

samples were taken in three locations. Location A was chosen on high ground

on which water had not remained during the spring thaw and subsequent

heavy rains. Location B was in a shallow basin S feet away from the water

collected in the basin during the spring thaws. Location B may have been

under water in the earlier part of the spring, but it was not covered by water
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at the time of samplmg. Location C was under water when the soil was

sampled. A month later samples at location B were taken again. The

results of the analyses are given in table 13.

These figures show that the soil on high ground which had not been water-*

logged, although very moist, contained only traces of ferrous iron. The soil

TABLE 13

AlCh^solubleferrous iron of black soil samples taken in afield at locations with different moisture

contents

DESCRIPTION OE SAMPLE DEPTH
Fe" PER GRAM
OVEN-DRV SOIL

MOISTURE, DRY
BASIS

inches gamma pet cent

Location A—high ground:

Black loam 0-6 traces 50

Brown day loam 18-24 traces 27

Brown clay loam 30-36 traces 27

Location B—100 yards from A, 5 feet from slough
'

water:

Black loam. 0-6 32.0 51

Brown clay loam. 18-24 5.3 39

Location C—5 yards from B, under 6" of water:

Black loam. 0-6 244 56

Locations—31 days later:

Black loam 0-6 7.7 37

Brown clay loam. 12-18 15.1 35

Brown day loam 30-36 .9 30

TABLE 14

AlCh-soluUe and water-soluble ferrous iron in different soils and in slough waters

EEREOUS IRON PER GRAM OF SOIL EXTRACTED
WITH MCls SOLUTION FERROUS IRON EXTRACTED WITH WATER

gamma gamma

Glei soil ... 532 From 1 gm. of glei soil .. 35

Oven-dry soil from slough bottom .

.

...244 In 1 cc. of slough water .. 0.3

Oven-dry peat ... 513 In 1 cc. of water from peat bog. .

.

. . Slight

trace

at location B probably had been covered by water; and although its moisture

content did not appear to be very much higher than that of location A, its

aeration must have been in a poorer state than that of location A. It is

interesting to note that the ferrous iron content of the top 6 inches of black

soil (location B) is much higher than that of the clay loam subsoil 12 to 18

inches below it; This would indicate that there was not very rapid movement
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of ferrous iron in this type of soil. Location C was under

sample from C contained a large quantity of ferrous iron.

When location B was sampled 31 days later and the soil had the opportunity

to dry to a certain extent and become better aerated, the analyses show that

ferrous iron in soil is oxidized fairly rapidly. These results confirm the finding

presented in table 4.

From the following experiment it is evident that under field conditions ferrous

iron is not easily extracted from the soil by water. Different samples of the

glei horizon high in ferrous iron -were extracted with AICI3 solution and also

with distilled water. Analyses were made of the water and the peat in a peat

bog and the water and the soil of the bottom in a slough. The results of the

determinations are presented in table 14.

Only one-fifteenth of the quantity of ferrous iron was extracted from the

glei soil by water as by aluminum chloride solution. The water of the peat

bog and of the slough contained only small traces of ferrous iron although in

contact with materials containing large quantities of iron in the divalent form.

It must be emphasized that the slough was very shallow, and the water from

the peat bog was squeezed out of the peat. It would thus appear that this

low concentration of the ferrous iron in water was not due to dilution.

DISCUSSION

The first six tables deal with improvement of the method for the deter-

mination of ferrous iron and present some interesting properties of the soil

ferrous iron.

The results shown in table 1 clearly indicate that ferrous iron enters the

base exchange complex of the soil, from which it can be displaced by different

salts. The more efficient action of aluminum chloride in the displacement of

the divalent iron may be due to the free HCl formed on hydrolysis of aluminum

chloride or the greater activity of the A1 ion.

It has been pointed out that the results presented in table 2 indicate that

aluminum chloride itself does not stimulate the production of ferrous iron in

soils.

The experiment reported in table 4 demonstrates that the large quantities

of ferrous iron in waterlogged soil, if exposed to air, are very quickly oxidized.

In tables 5 and 6 the effect of sunlight on soil iron is shown. It was possible

to demonstrate that the reduction of soil iron is stimulated by the light rays

of the sun and not by the heat of the sun. This finding is of great interest,

as it suggests an important catalytic oxidative action of soil iron. Russell

and Smith (5) had shown that ferric oxide could oxidize to a certain ex-

tent even such a stable compound as ammonia. It is hard to explain why
this marked increase in ferrous iron concentration of the soil on exposure of

the sample to sunlight was not obtained with every soil used. It is possible

that in soils with different contents of organic matter the intensity of oxidative

processes may vary. The ferrous iron concentration would be built up in
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those soils in which the rate of reoxidative reactions is slow, whereas no ap-

preciable change would be noted in the ferrous iron concentration of a soil

exposed to sunlight if the reoxidation in it took place at a rapid rate. The

very much higher ferrous iron concentration obtained with the soil suspension

in aluminum chloride solution as compared to the concentration of the divalent

iron in untreated soil when the suspension and the untreated soil were exposed

to the sunlight, may possibly be explained by the slowing down of oxidative

processes in the soil by aluminum chloride solution.

The results in table 5 show that in using dipyridyl as a quantitative reagent

for ferrous iron determination, definite precautions have to be taken if the

solution under investigation contains both ferric and ferrous iron. The

exposure to light of such a solution, if it contains any oxidizabie material,

will cause the reduction of ferric iron. In a previous publication (2) it was

shown that ferric iron in a solution containing only aa dipyridyl if exposed

to light was reduced. This source of error has not been previously mentioned

by investigators using dipyridyl.

The results in table 2 show that when the black soil is waterlogged the re-

duction of iron takes place slowly at first and then the process is rapidly

increased. The data in tables 7 and 8 indicate that when the soil contains

large quantities of ferrous iron a slow downward movement of it in solution

can take place. Similar trends were obtained with other soils of different

organic matter contents.

The analyses of the soils in the percolators at the end of the experiment show

that the ferrous iron (soluble in aluminum chloride solution) of the submerged

soils—drained or not drained-^was approximately equal; it is therefore difficult

to explain why more ferrous iron was rendered water-soluble in the percolates

that were not drained than in those allowed to drain. It is possible that the

oxygen introduced into the soil solution by the incoming water may have been

responsible for these results. It is also of interest to note that the values

of the percolates from the drained soils were higher than those of the percolates

from the undrained soils.

The Eh values indicate that the oxidation-reduction system operating in the

submerged soil has a stronger reducing power than the ferrous-ferric system.

The Eo potential of an equimolar mixture of Fe'" + Fe" system is +750
millivolts at 18®C. as referred to a normal hydrogen electrode.

The results of the experiment reported in table 9 show that the reduction of

iron in waterlogged soils is largely a biological process.

The data presented in tables 9 and 10 undoubtedly show that when a soil

is autoclaved there is a great increase in the ferrous iron soluble in aluminum
chloride solution. It is possible that autoclaving the soil merely makes the

ferrous iron already present in the soil more soluble by breaking down some
of the more complex iron organic compounds which may be insoluble in

aluminum chloride solution.

This latter explanation may be a plausible one, but it is not so likely as the
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one based on the theory of reduction of soil iron. It wiE be noted that during

autoclaving there is a rapid formation of ferrous iron soluble in aluminuin

chioride solution; a few hours after autoclaving, the concentration of this

ferrous iron has faEen rapidly. This rapid faU in concentration of divalent

iron may be explained by reoxidation of the iron. It is unreasonable to suppose

that ferrous iron as easily oxidized as has been demonstrated in tables 9 and

10 could have persisted in a healthy soil, even if it were to be stabEized in some

complex organic combination. Furthermore, in experiments not reported

in this paper, it was found that when iron salts were autoclaved in contact

with organic matter such as agar-agar, the reduction of iron to the divalent

form took place. A hypothesis that the reduction of iron takes place when

soil is autoclaved is therefore justified. It must be admitted, however, that

after autoclaving, certain quantities of the divalent iron persisted in the soE

for a considerable time. Whatever view is accepted, the fact remains that

autoclaving of soil causes a high concentration of more soluble ferrous iron.

These results are especiaEy interesting because autoclaved soil has been used

extensively as a medium in the study of soil bacteria in general, and particularly

of those causing plant diseases. It is essential that further work be done on

the effect of ferrous iron on soil microfiora. These results also suggest that the

Eh values of the soil may be lowered during autoclaving. The lowering of

E h values has been observed during steam sterilization of milk. It is of impor-

tance to note that in the experiment on autoclaving the soil in crocks (table 10),

8.2 gamma of ferrous iron per gram of dry soE was found present 28 days after

sterEization. This concentration (8.2 gamma) of ferrous iron is equivalent to

approximately 50 pounds of ferrous sulfate per acre (the calculation is based

on a d-inch depth of soil), the usual rate of application of the substance when

it is used as a corrective on infertile soils. It has already been pointed out

that aE the analyses carried out indicate that healthy soils with drainage

contain very small quantities of ferrous iron soluble in aluminum chloride

solution, and some samples contained no ferrous iron.

The results in table 11 are interesting, as they show the ferrous iron con-

centrations in the different horizons of a peat bog. One explanation for the

very high concentration of ferrous iron in the lower horizon of peat has already

been suggested in the experimental section of this publication, but no explana-

tion has been offered for the origin of ferrous iron in the peat layers. It is

possible that the ferrous iron present in the peat layers may have originated

from the iron compounds present in peat. This suggestion, however, is

improbable, because the 6- to 12-inch horizon which has a moisture content of

427 per cent, contains only 15 gamma of ferrous iron per gram of peat, whereas

with the lower strata the closer they are situated to the clay loam glei horizon,

the greater amount of ferrous iron they conta.in. It would seem more likely

that the divalent iron found in peat has been absorbed by it from the glei

horizon.

It is interesting to note that the moisture content of the glei horizon below
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the 28-inch depth is low: the maximum water-holding capacity of this soil

is about 34 per cent, and yet the moisture content of the horizon was about

16 per cent. Notwithstanding this low moisture content, the ferrous iron

concentration of the horizon was high at the time of sampling, in August.

It may be that the ground waters during the spring had waterlogged the soil,

large quantities of ferrous iron were produced, and some of this may have been

transported into the peat by the upward movement of the ground waters.

Later during the summer the ground waters receded, leaving the glei horizon

fairly dry. The peat, however, held large quantities of water throughout the

summer, creating an air-proof layer which would preserve anaerobic conditions

and prevent the oxidation of ferrous iron in the glei horizon.

There is an alternative explanation for the presence of ferrous iron in the

glei horizon of low moisture content. It is possible that the water-saturated

layer of peat had created anaerobic conditions in the glei horizon in which the

iron was reduced. Whatever explanation is taken for the reduction of iron

in the glei horizon it is of interest to observe that ferrous iron can persist in a

stratum of soil of fairly low moisture content if the upper layers of soil are of

such a nature that they prevent the free passage of air.

This observation is again well demonstrated by the results presented in

table 12. The samples were purposely taken at locations which were very

close to one another. In one case the glei horizon under water-saturated peat

contained large quantities of ferrous iron, and in the other case the horizon

of gray wooded soil contained only the smallest quantities of the reduced iron.

The formation of large quantities of divalent iron in soil which normally

contains only traces of it, is weU illustrated in table 13. The results in this

table also show that the ferrous iron in the soil is fairly rapidly reoxidized

if soil aeration improves. This has already been pointed out in the discussion

of the results of table 4.

The solubility of ferrous iron in soil water has been frequently discussed.

The data presented in table 14 definitely indicate that ferrous iron present in

the soil is not easily brought into solution by water. The ferrous ion is fixed

by the soil in the same manner as any other basic ion.

It would thus appear that in soil the downward movement of iron in the

divalent form would be very slow, and that large quantities of the soil iron

would have to be reduced before any appreciable quantities of iron are moved
in that state.

SUMMARY

An improved method for the determination of ferrous iron in soil has been
outlined, and sources of possible error have been discussed.

The ferrous iron content of soils in the black and the gray wooded soil zones
in Alberta was determined. The effect of soil moisture on the ferrous iron

content of the soil was studied. Some experiments to elucidate the properties

of soil ferrous iron were carried out. It was found that
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Well-drained, LealtLy soils investigated, contained very small quantities of ferrous iron.

In some samples the presence of the divalent iron was not detected.

Under waterlogged conditions large quantities of ferrous iron were produced rapidly,

after an initial lag of two or three days. This is mainly a biological process.

The soil ferrous iron is not readily brought into solution by water, but by the use of salts

the ferrous iron can be displaced from the soil. Aluminum chloride proved to be the most

efficacious for this purpose. This would indicate that ferrous iron enters into the base ex-

change complex of soil.

Under anaerobic conditions soil water could bring into solution quantities of ferrous iron,

but much larger amounts of the divalent iron were held by the soil base exchange complex.

The Eh values indicate that the activity of the reducing agents present in waterlogged

soil is greater than the reductive activity of ferrous iron.

Ferrous iron in soil becomes readily oxidized if aeration of the soil is improved.

Ferrous iron is formed when soil is steam-sterilized, and some of this divalent iron persists

in the soil for a considerable length of time.

Sunlight facilitates the reduction of iron in some soils and soil extracts. There is a pos-

sibility that iron acts as a catalyst, and sunlight as a source of energy in the oxidation processes

in soils.
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Many of the agricultural soils in high rainfall regions of the Hawaiian

Islands are in a low state of base saturation. Because of the high rainfall,

which, in the most humid districts, is above 200 inches annually, a knowledge

of the abilities of these soils to retain potassium and ammonium fertilizers

becomes important to the sugar cane grower. It has been shown by Peech

and Bradfield (6) and more recently by Peech (7) that the abilities of soils to

sorb potassium from neutral potassium salts decrease as the degree of base

saturation decreases. It seems probable that sorption of ammonium is simi-

larly affected by the state of saturation. In view of these considerations it

was deemed appropriate to study the effect of the degree of base saturation

of these soils upon their abilities to sorb potassium and ammonium salts.

It is a common practice in Hawaii to apply nitrogen and, at times, potassium

to sugar cane by dissolving the fertilizer in the irrigation water prior to its

application to the field. Since an irrigation of sugar cane involves from 5 to

10 acre-inches of water, the resulting dilution of the salt is great. The effect

of such dilution upon the sorption of the salts by Hawaiian soils has not

previously been studied. A second objective of this work, tlierefore, was to

determine the influence of concentration upon the sorbability of potassium

and ammonium by the soil.

EXPERIMENTAL PROCEDURE

Two soils were selected for the study: one, a Hilo-coast soil from the Island

of Hawaii, is representative of soils of the more humid districts where irrigation

is unnecessary; the other, from the Aiea region of the Island of Oahu, is typical

of large areas of drier, irrigated sugar cane lands of the islands. Both soils

are residual and lateritic in nature. Certain other characteristics of these

sofls are listed in table 1,

^ Authorized for publication by the director as Technical Paper No. 76 of the Hawaii

Agricultural Experiment Station. Joint contribution from the department of chemistry

and soils of the Hawaii Agricultural Experiment Station and the department of chemistry,

Experiment Station of the Hawaiian Sugar Planters^ Association. Submitted to the faculty

of the University of Hawaii in partial fulfillment of the requirements for the degree of master

of science.

2 Assistant chemist. The writer is indebted to L. A. Dean for the helpful suggestions and

criticisms tendered.
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Substantial quantities of the two soils were pulverized to pass a 1-mm.

screen. They were then saturated with calcium by leaching with a solution

(pH 6.8) which was 0.5 iV* with respect to calcium acetate and 0.1 with

respect to calcium chloride. The chloride was included to simplify the testing

I of the washed soil. After treatment with the calcium solution, the soils were

washed with water until free of chlorides. As a result of this treatment the

pH of each soil was 7.4. One-hundred-gram portions of these calcium-

saturated soils were then adjusted to various degrees of saturation by electro-

dialysis. In the case of the Hilo-coast sample, soils at eight stages of base

saturation were prepared in this manner; with the Aiea soil, three. Since

ammonium is applied almost exclusively by the plantations as the suKate in

fertilization and potassium as the chloride, these salts of the cations were

employed in the study.

The abilities of the two soils at the various degrees of calcium saturation to

sorb potassium and ammonium were measured by the following procedure:

Duplicate S-gm. samples of the air-dried prepared soils were shaken with

TABLE 1

Description and some chemical characteristics of the soils studied

SOIL DESCRIPTION
OROANIC
MATTER

TJLTIMATE
pH

i EXCHANGE
CAPACITY*

i

exchange
CAPACITY

1 DDE TO
ORGANIC
MATTER

Hilo-coast ......... Light brown clay

per cent

15.6 '4.3

m.e./l00 gm,

41.2

percent

76.6

Aiea Red clay 4.7 4.3 17.4 27.0

*pH(Ca-soa) = 7.4.

250 cc. of potassium chloride (or with ammonium sulfate) in an end-over-end

shaker for 1 hour. The suspensions were allowed to stand 16 to 18 hours.

They were then poured on filters in 8-cm. Buchner funnels and the solutions

drawn through under suction. Additional units of 500 cc. of the fresh solu-

tions were then percolated through the soils under gravity, the rate of percola-

tion being so adjusted that the process required 16 to 20 hours. Upon com-

pletion of the percolation, the soils were washed with 80 per cent ethyl alcohol

until free of soluble salt. Where potassium was the sorbed cation, the amount
was determined by subsequent displacement with a normal ammonium acetate

solution adjusted to pH 6.8. The potassium thus displaced was determined

by the volumetric sodium cobaltinitrite method of Volk and Truog (9) . The
sorbed ammonium was determined by distillation with magnesium oxide,

corrections being made for any breakdown of organic soil nitrogen in the

process by similarly distilling samples of the untreated completely electro-

dialyzed soils. In order to ascertain the effect of concentration upon the

sorption of potassium and ammonium by the soil, three solutions of each salt

were employed; namely, 0.001, 0.01, and 0.1 AT.
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It was manifestly impossible to vary the concentrations of the salts and,,

at the same time, to maintam constant both the ratio of salt to soil and that

of soil to solution. It was therefore decided to employ a constant ratio of soil

to solution and to ignore the factor of the unequal ratios of salt to soil. This

appears to have been justified, since the amounts of the cations sorbed by the

soils were not sufficient to decrease more than slightly the concentrations of

the solutions, except in the case of the highest dfiution, 0.001 N, Even here

the maximum decrease was less than 10 per cent. Moreover, this represents

an average decrease, whereas the actual decrease was probably greater than

this value at the beginning of the percolation and very much less at the end.

SORPTION OF POTASSIUM

Fixation of potassium in nonreplaceable forms has been shown by Volk (8)

and Lyman (5) to occur to only a slight extent in Hawaiian soils and then

only as a result of repeatedly wetting and drying the soils. Hence, it is as-

sumed that fixation of potassium in such forms did not occur under the condi-

tions of this experiment and that ail the potassium sorbed under the various

treatments was subsequently replaced by ammonium acetate.

The results obtained for the sorption of potassium at various degrees of

calcium saturation by the Hilo-coast soil are shown in figure 1. They indicate

that increasing the amounts of exchangeable calcium in this soil increases its

ability to sorb potassium. The degree to which exchangeable calcium is

effective in increasing the sorption of potassium by the soil is seen, however,

to be dependent upon the concentration of potassium in the solution with

which the soil is leached. Thus, whereas saturating the completely electro-

dialyzed soil with calcium approximately doubled the quantity of potassium

sorbed from the 0.001 iV KCi solution, it increased by a factor of five the

amount sorbed from the OA N solution. The slopes of the curves in the figure

indicate that the beneficial effect upon the sorption of potassium of increasing

amounts of exchangeable calcium is greater at the lower degrees of base satura-

tion. This suggests that liming would prove most effective upon those soils

which are most nearly devoid of exchangeable bases.

Table 2 shows results for the sorption of potassium by the Aiea soil at three

stages of saturation, together with corresponding data for the Hilo-coast soil.

It will be seen from this presentation that augmenting the supply of exchange-

able calcium in the Aiea soil resulted, as in the case of the Hilo-coast soil, in

increased sorption of potassium. In fact, the quantities of the salt sorbed by

these two very diverse types of soil are, except at the highest concentration

of potassium chloride, of much the same order. With the highest concentra-

tion, and at the higher degrees of calcium saturation, sorption by the Hilo-

coast soil was much greater. The difference in sorption power at this point

is probably conditioned in part by the very unequal exchange capacities of

the two soils. Thus the amount of potassium taken up from 0.1 AT KCI by

the saturated HilG-coast soil (17.5 m.e.) is the equivalent of the entire exchange
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capacity of the Aiea soil. In every case the degree of potassium saturation

resulting from the various treatments was greater for the Aiea sofl.

Since potassium (from potassium chloride) apparently replaces exchangeable

calcium in the soil more readily than it does exchangeable hydrogen, there

seems little doubt but that increasing the degree of base saturation in the

more highly leached soils of the high rainfall districts would aid substantially

in bringing about a greater sorption of potassium. There is a vast difference,

Ca saturation in per cent
Fig. 1. SoKMioN or Potassium (prom KCl) by the Hilo-Coast Soil as Influenced by

CONCENTEATION AND BY THE DeGEEE OP BaSE SatUBATION

however, between raising the level of exchangeable calcium throughout the

root zone and the mere application of lime to the soil. Brown and Munsell

(1) found that, after application of lime to grassland soils, a period of 10 years
was required before a uniform pH was attained in the top 6 inches of soil.

The problem of obtaining the necessary distribution of lime in the root zone
of sugar cane would be especially difSeult under Hawaiian conditions where
the fields are plowed and planted only at intervals of 5 to 10 years. Hence,
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it appears that, though ultimately the use of lime would proYe beneficial in

retarding possible losses of potassium in the high rainfall regions of the islands,

little iimnediate gain could be expected from its use.

Figure 1 and table 2 show that the effect of the concentration of the

potassium solution upon sorption of this cation by the soil is just as important

as that of the degree of base saturation, if not more so. From 0.001 N KCl
the quantities of the cation taken up were only one-fourth to one-twelfth the

amounts sorbed at the same degrees of saturation from 0.1 F KCl. The
marked decreases in the sorption of potassium with decreasing concentrations

of potassium chloride, together with the relatively slight sorption of the cation

from the lowest concentration (in the neighborhood of 1 m.e. for both soils,,

at all degrees of saturation), suggest the possibility of a concentration so low

TABLE 2

Ejfect of the conceniraiion of the percolating solution and of the degree of hose saturation upon

sorption of potassium and ammonium

HILO-COAST son. AIEASOn.

PEXCOLATING SOLUTION Degree of Ca-saturation

0
1

100 0
1

51
1

100

Potassium sorhed^ in m.eJlOO gm. of soil

0.001 AT KCl 0.7 1 . 1
* 1.4 0.9 1.2

0.01 iV KCl 1.6 3.9 5.5 1.9 4.4 4.4

0.1 i7 KCl 3.0 12 . 6* 17.5 4.2 5.9 7.9

Ammonium sorbed^inm.e,!100 gm. of s(M

0.001 if (NHOjSO.. 0.2 0.4 0.6 1,0 1.1 1.2

0.01 iV'(NH4)2SO4 . 3.1 6.9 7.1 3.9 5.8 6.1

0.1 iV"

(

1^)2804 . . . . .... 10.4 22.8 24.1 7.3 10.5 10.4

* Obtained by interpolation from figure 1.

that no sorption whatever by the soil would occur, regardless of the degree of

base saturation. Hance and co-workers (3) studying the effect upon certain

Hawaiian soils of irrigation water with naturally occurring potassium to the

extent of 25 p.p.m. KsO, concluded that sorption of potassium from this

medium by the soil does not occur even when several hundred pounds of KgO
per acre is applied annually.® Expressed on the basis of normality, this con-

centration of potassium corresponds to approximately 0.0005 17, or but one-

half of the minimum concentration of potassium chloride employed in the

present study, which resulted in a maximum sorption of only 1.4 m.e. of po-

tassium per 100 gm. of soil. There seems good reason to believe, therefore,

that the failure of potassium-containing irrigation water to increase the level

® It was shown, however, that the crop was able to obtain potassium directly from the

irrigation water.
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of exchangeable potassiuni in Hawaiian soils is due in very large part to the

low concentration of the cation. Kelly, Brown, and Liebig, Jr. (4) and Fraps

and Fudge (2) have shown that the degree to which sodium is sorbed by soils

from irrigation water is dependent to a great extent upon the concentration

of the cation in the medium. Their work indicates that it is due to the high

dilution of the sodium in irrigation water, that the base does not normally

accumulate in the soil in injurious amounts. The same workers have also

shown that other cations in the irrigation water, especially calcium, influence

the sorption of monovalent bases.

The repressing effect of dilution upon the sorption of potassium by the soil

suggests that the application of potassium fertilizers to crops through the

medium of the irrigation water may result in losses of the nutrient. The

extent to which such losses of potassium might be expected to occur would

depend in part upon the quantity applied and the volume of irrigation water

in which the salt is dissolved. Where potassium salts are applied to the soil

in crystaUine forms and brought into solution through subsequent rainfall,

the concentrations of the salt and hence the associated sorption of potassium

would be expected to range from very high to probably negligible values.

SORPTION OP AMMONIUM

Data relative to sorption of ammonium (from ammonium sulfate) by the

two soils at three stages of base saturation are also shown in table 2. Sorption

of ammonium by both soils increased, as did that of potassium, with increasing

degrees of calcium saturation, the effect being more pronounced on the Hilo-

coast soil. Sorption of ammonium by the two soils was similar in amount

except at the highest concentration of ammonium sulfate, 0.1 iV. Here the

effect of exchange capacity upon the sorption of ammonium is seen. Thus

with the half and the completely calcium-saturated soils, sorption by the Hilo-

coast soil considerably exceeded the entire exchange capacity of the Aiea soil.

Though the presence in the soil of exchangeable bases is thus seen to have

a beneficial effect upon the retention of ammonium, yet a far more important

factor appears to be the concentration at which the ammonium salt percolates

through the soil. For example, on the Aiea soil, the quantities of ammonium
sorbed from 0.1 iV' (NH4) 2S04 were from 8 to 10 times the amounts taken up
from 0,001 (NH4)2S04 ,

whereas the maximum increases in sorption by this

soil, due to base saturation, were less than twofold. The influence of concen«

tration upon the sorption of ammonium by the Hilo-coast soil was still greater.

The results of this study suggest that when ammonium salts are applied to

the soil through the medium of the irrigation water, the resulting state of

sorbability of the ammonium ions is probably very low, depending upon the

amount of fertilizer applied, the volume and quality of the irrigation water,

and the nature of the soil. The more dilute is the solution, the greater will

be the tendency for the ammonium to go where the water goes. If the water
containing the salt does not penetrate the soil to depths exceeding that of the
root zone, it perhaps makes little difference whether the cations are actually



SORPTION OF POTASSIOH- AI^D AMMONIUM BY 'SOILS 271

sorbed by the soil or not; bowever, an irrigation of 7 acre-indies, vwMch Is

normal under Hawaiian conditions, does in many soils reach depths:, consider-

ably greater than those attained by important fractions of the sugar cane

roots. Moreover, in the generally pervious soils of Hawaii, percolation of

water is a fairly rapid process. Under such circumstances, it seems prob-

able that some ammonium may be lost.

EFFECT OF.THE AmON ON THE SOBFTION/OF POTASSHM: AOT AMMOOTOM, •

,

,

The results of this study showed that, at the higher concentrations of the

salts, the amounts of ammonium sorbed were much greater than the corre-

sponding quantities of potassium sorbed, particularly by the Hilo-coast soil.

The question naturally arose, therefore, whether the greater sorption of am-

monium at these concentrations indicated a higher sorbability of ammonium,

per se, or whether the difference in sorption of the two cations was attributable

to the different natures of the accompanying anions. It was suggested that,

TABLE 3

Influence of the anion on the sorption of ammonium and potassium by the E-saimated

Eilo-coast soil

Results expressed in m.e./100 gm. of soil

CONCENTRATION
POTASSIUM SORBED PROM AMMONIUM SORBED PROM

OR SALT
KCl X3SO4 NHiCl <NH4)8S04

N
0.001 0.7 1.2 0.0 0.2

0.01 1.6 3.4 0.8 3.1

0.1 3.0 10.6 3.3 10.4

since sulfuric acid is weaker than hydrochloric acid, more ammonium than

potassium was sorbed by the soils because of tlie union of the sulfate radical

with exchangeable hydrogen to form the bisulfate radical, thereby promoting

the replacement of hydrogen by ammonium.^ If the respective anions were

responsible for the differential sorption, then, if the soil were leached with

potassium sulfate and ammonium chloride instead of with potassium chloride

and ammonium sulfate, the sorption of potassium should exceed that of am-

monium.® In order to test this h3!pothesis, portions of the completely un-

saturated Hiio-coast soil were leached with solutions of potassium sulfate and

ammonium chloride in the manner already described, and the extent of the

resulting sorption was determined.

It will be seen from table 3 that interchanging the anions reversed the order

of the sorption of ammonium and potassium: under these conditions, mucji

more potassium than ammonium was taken up by the soE at all concentra-

^ Tke dissociation co^stant for tke second hydrogea of H2SO4 «= 2 X
® On tMs basis it is probable that substantial differences in the sorption of the cations

from the two salts would result only where the sorption was brought about by percolation.
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tioBS. Thus tliere remains no evidence that one of the two cations is more

strongly sorbed than the other, when both are employed as salts of the same

acid. If the proffered explanation for the observed differences in sorbability

of the cations from the chloride and sulfate forms is correct, it would be ex-

pected that such differences would be greatest on the hydrogen-saturated soils

and would decrease as the proportions of exchangeable hydrogen to base in

the soil exchange material decreased. Such relationships appear to be im-

plied by the data in table 2. Except at the lowest concentrations, the ratios

of ammonium sorbed (from ammonium sulfate) to potassium sorbed (from

potassium chloride) generally decreased with increasing degrees of base satura-

tion. Though the evidence resulting from this test is definitely limited, the

indications are that, on highly acid soils at least, greater sorption of potassium

and ammonium may be expected to result from the use of sulfates than from

the use of the corresponding chlorides,

stjmmahy

A study was made of the sorption of potassium and ammonium from 0.1,

0.01, and 0.001 iV solutions of the cations by two Hawaiian clay soils at degrees

of calcium saturation ranging from 0 to 100 per cent. The results may be

summarized as follows:

Sorption of potassium and ammonium (from percolating solutions) decreased greatly

with decreases in concentrations of the cations. At the lowest concentration (O.OOliY) the

sorption was very low, ranging from 0 to 1.4 m.e. per 100 gm. of soil, depending upon the

salt used and the degree of calcium saturation.

Increasing the degree of calcium saturation of the soils increased the sorption of potassium

and ammonium. The effect was not so marked, however, as was that of the concentration.

Sorption of potassium and ammonium (by the completely electrodialyzed soil) was much
higher from the sulfates than from the chlorides of these cations.
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The moisture equivalent was first proposed by Briggs and McLane (4), of

the Bureau of Soils, in 1907. Since then the equipment and the procedure

for determining it have been refined until now it is generally accepted by soil

scientists as one of the important physical measurements of soil. In 1929

Bouyoucos (1) proposed a suction method for estimating the moisture equiva-

lent and compared it with the centrifuge method. His data in general show

reasonably good agreement between the two methods (2). Recently Pinckney

and Alway (6) made a comparison of the centrifuge and suction methods with

113 soils from Minnesota and concluded that ‘‘though the relationships are in

general agreement with those reported by Bouyoucos, they do not fully

support his conclusion as to reliability and desirability of the method'^ and

that “only where the moisture equivalent centrifuge is not available does the

use of the suction method appear desirable, and the value so obtained should

be referred to by some other designation than moisture equivalent/’

Goldbeck and Jackson (5) ,
of the Bureau of Public Roads, proposed a method

for determining the moisture equivalent of clay material for road work by using

a regular centrifuge equipped with Babcock trunnion cups and with Gooch

crucibles as containers for the soil. Their method has been modified until now

(3, 9) it differs from the Briggs and McLane method only in the type of equip-

ment, the method of preparing the samples for analysis, and the time neces-

sary for centrifuging. The moisture-equivalent centrifuge is expensive and

is not available in all soil laboratories, but most laboratories have a regular

centrifuge equipped with trunnion cups and rheostatic speed control. If the

two methods give comparable results, the procedure whereby the determina-

tions are carried out in Gooch crucibles using a regular centrifuge would be of

value, therefore, to workers not having access to a moisture-equivalent centri-

fnge,

^Cooperative investigations of the office of research, Soil Conservation Service) U. S,

Department of Agriculture, and the West Virginia Agricultural Experiment Station. Biib-

lished with the approval of the director, W. Va. Agricultural Experiment Station, as Scientific

Paper No. 251.

2 Soil Conservationist, U. S. Department of Agriculture,

3 Cooperative Agent, U. S. Department of Agriculture and the W. Va. Agricultural Ex-

periment Station.
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for determining pore-size distribution in soils were being

studied, undisturbed and disturbed samples were subjected to different centrif-

ugal forces in specially constructed brass tubes and in Gooch crucibles, respec-

tively. Moisture equivalents by the standard moisture-equivalent centrifuge

were also available on these soils. The data reported herein are a comparison

of the moisture equivalents obtained by the Briggs-McLane and the Jackson-

Goldbeck procedures on 58 soil samples that differ widely in their physical and

chemical properties.

PROCEDURE

The soil samples were prepared for analysis by being screened, while air-dry,

through a 2.0-inm. sieve. The Briggs-McLane centrifuge^ was used for deter-

mining the moisture equivalent in the usual manner.

A regular SB-1 International centrifuge, equipped with ordinary rheostatic

speed control and Babcock trunnion cups,® with Gooch crucibles as containers

for the soil, was used for determining the moisture equivalent as proposed by

Goldbeck and Jackson (5). Into each Gooch crucible, fitted with filter paper,

5 gm, of soil was weighed, after which the procedure for saturating, draining,

and centrifuging the sample was identical with that followed in determining

the moisture equivalent by the standard method. In this study the desired

speed was controlled to within about 50 r.p.m. with an International centrifuge

tachometer, No. 748.

RESULTS

The soil number, soil type, location, moisture equivalents determined by the

two methods, and the difference between the two determinations are shown in

table 1. It is to be observed that the soils differ widely in origin and texture.

The range of moisture equivalent, determined in the Briggs and McLane cen-

trifuge, is from 3.9 to 40.9, In column 6 are shown the differences between the

two methods, the results obtained by the standard moisture-equivalent

centrifuge being used as a basis of comparison. The general tendency is for the

readings to be lower when determinations are made in Gooch crucibles. The
range of differences in the moisture content between the two methods is from
—0.9 to •+1.9, inclusive, with 37 of the samples varying less than 1 per cent.

In only 5 of the 58 samples do the values in the Gooch crucibles exceed those

obtained by the Briggs-McLane method. The 58 determinations made in the

Gooch crucibles on the average contained 0.76 per cent less moisture than those

made in the standard moisture-equivalent centrifuge. The standard error

being .075, the difference between methods is highly significant. The reasons

for these consistently low results are not readily apparent, since the centrifugal

‘^The authors are indebted to T. C. Peele, Soil Conservation Service, Clemson, South
Carolina, for these moisture-equivalent determinations.

a centrifuge is available, the necessary equipment for this determination may be ob-
tained from the Central Scientific Co. at ah approximate cost of $15.
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XABTE i

Mmsiwe- equivalents determined hy the Briggs-McLane and ike GoldhechJachson eerdrifuge

methods

.soil
NUMBES son TYPE LOCATION

MOISTVEE EQUIVALENT •

By
standard
proce-
dure

1 By
Goock

crucibles

Differ-
. eace

32A* Ruston sandy loam Georgia 3.9 : 2.7 1

'

'1.2

23A Ruston sandy loam Georgia 4.3 2.9 lA
12A Ruston sandy loam Georgia 4.9 3.0 1.9

129A Vernon fine sandy loam Oklahoma 7.6 6.8 0.8

12B Ruston sandy loam Georgia 8.7 > 7.2 1.5,

32B
‘

Ruston sandy loam Georgia 9.0
i

7.7
1

1.3

129B ^ Vernon fine sandy loam New York 11.1 10.2 0.9

34A Red Bay loam Georgia 11.7 10.3 1.4

125A Kirkland sandy clay Oklahoma
;

13.8 12.8 1.0

128A Parsons fine sandy loam Oklahoma 14.7 14.6 0.1

n7B Vernon fine sandy loam Oklahoma 14.9 13.1 1.8

34B Red Bay loam Georgia 15.3 14.0 1 1.3

135B Hopi sandy loam New Mexico 15.8 14.6 1.2

llA Greenville sandy clay loam Georgia 16.1 14.5 1.6

134A Pinedale clay loam New Mexico 17.3 17.1 0.2

141A Melbourne loam Oregon 17.7 16.7 1.0

126B Kirkland fine sandy loam Oklahoma 18.4 17.2 1.2

22B Honeoye gravelly silt loam New York 18.6 18.3 0.3

20B Bath gravelly silt loam New York 19.3 18.6 0.7

i27A Bates very fine sandy loam Oklahoma 19.7 18.8 0.9

16B Honeoye gravelly silt loam New York 19.9 19.3 0.6

16A Honeoye gravelly silt loam New York 20.0 19.5 0.5

IlOA Muskingum silt loam Ohio 21.4 21.2 0.2

i43B Walla Walla silt loam Washington 20.9 20.1 0.8

115A Miami silty clay loam Ohio ! 21.3 20.3 1.0

22A Honeoye gravelly silt loam New York 22,2 21.8 0.4

IIB Greenville sandy clay loam Georgia 22.6 22.0 0.6

lOA Hagerstown clay loam West Virginia 22,7 21.9 0.8

109A Muskingum silt loam Ohio 22.7 21.7 1.0

6B Dekalb silt loam West Virginia 23.2 21.8 1.4:

2B Hagerstown clay loam West Virginia 23.2 22.3 0.9

115B Miami silty clay loam Ohio 23.2 22.2 1.0
'

lA Dekalb silt loam West Virginia 23.5 22.4 1.1

lllA Muskingum silt loam Ohio 23.5 22.6 0.9

23A Honeoye gravelly silt loam New York 23.5 23.1 0.4

20A Bath gravelly silt loam New York 24.8 24,1 0.7

146A Palouse silt loam Washington 23.6 22.7 0.9

^9A, Susquehanna clay loam Georgia 24.0 24.3 ' -0.3
118B Austin clay Texas * 24.2 23.5;; 0.7

106B Fayette silt loam Minnesota 24.3 23.0 : 1.3;

33A Orangeburg sandy loam Georgia 24.5 22.9 1.6

IIB Greenville sandy clay loam Georgia 22.6 22.0 0.6

* A and B refer to surface and subsurface soils, respectively.
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TABLE 1—Concluded

SOIL
' NOMBES.

son. TYPE LOCATION

MOISTI

By
standard

!

proce-
dure

JEE EQUIV.

By
Gooch

crucibles

ILENT'
'

Differ-
ence

17A Honeoye gravelly silt loam New York 25.0 24.6 0.4

14fiB Aiken clay loam Oregon 25.0 24.2 0.8

li3A Upshur day Ohio 25.1 25.1 0.0

112A Westmoreland clayey silt loam Ohio 26.2 25.8 0.4

17B Upshur clay West Virginia 25.7 25.2 0.5

21A Fremont gravelly silt loam New York 26.8 27.3 -0.5

114A Muskingum silt loam Ohio 26.9 26.2 0.7

14A Upshur day West Virginia 27.0 27.9 -0.9

ISA Monongahela silt loam West Virginia 26.0 25.4 i 0.6

119A Austin clay Texas 26.7 26.6 0.1

105A Carrington silt loam Minnesota 26.9 25.6 1.3

112B Westmoreland dayey silt loam Ohio 27.9 27.7 0.2

ISA Honeoye gravelly silt loam New York 30.4 30.5 -0.1

122A Houston day Texas 33.0 33.1 -0.1

124B Houston clay Texas 33.9 33.4 0.5

9B Susquehanna clay loam Georgia 40.9 40.1 0.8

force is the same in both methods. Thickness of the soil samples has been

shown (8) to influence the moisture equivalent, and the slightly lower results

obtained in the Gooch crucibles may be explained partly on this basis. The

design of the equipment might suggest greater tendency for evaporation during

centrifuging, but samples centrifuged in specially constructed air-tight brass

tubes gave the same results as Gooch crucibles, indicating that evaporation is

not a factor.

Since the values obtained in Gooch crucibles are in general low, the pos-

sibility of decreasing the centrifugal force to obtain values more in line with the

standard moisture equivalent was tried but without success. It was found

that decreasing the centrifugal force had a much smaller effect on the moisture

content of the coarse-textured soils than on that of the fine-textured soils.

For example, the moisture content of a coarse-textured soil was increased from

3.0 to 3.6 by decreasing the centrifugal force from 1000 to 750. The same
change in centrifugal force increased the moisture content of a fine-textured

soil from 40.1 to 42.9. The change in moisture content was 0.6 per cent in the

former, and 2.8 per cent in the latter. The moisture equivalent by the stand-

ard procedure was 4.9 for the coarse-textured soil and 40.9 for the fine-textured

soil; consequently the values for the former are 1.3 low, whereas those for the

latter are 2.8 high. It is also evident from table 1 that the differences between
the two methods are, on the average, greater for the soils with low moisture

equivalents.

Duplicate determinations in the Briggs-McLane machine in general were
somewhat closer than those carried oiit in Gooch crucibles. The mean differ-
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ence between duplicate determinations made by the Briggs-McLane procedure

was .188 db .033, whereas that between the duplicate determinations made in

the Gooch crucible was .414 db.058. If a closer speed control had been used,

as described by Russell and Richards (7), duplication in Gooch crucibles

probably would be as close as in the Briggs-McLane machine.

Estimates of standard-procedure values can be obtained from Gooch crucible

values by means of the following equation:

5 = 1.60+ .96 G

in which 5 = standard-method value in per cent

G = Gooch crucible method value in per cent.

Although, if a correction is not used, the percentage error between the two

methods is large for soils with low moisture equivalent, the absolute difference

in moisture does not vary widely over the entire range of moisture equivalent

studied.

From a review of the investigations on factors affecting the moisture-

equivalent determination with the Briggs-McLane centrifuge, it is evident

that differences of 0.5 or more are often obtained by different investigators or

even by two individuals working in the same laboratory, depending largely

upon the method of preparing the sample for analysis. For practical pur-

poses a difference of 1 per cent in moisture is probably satisfactory. There-

fore, when a standard moisture-equivalent machine is not available, a regular

centrifuge equipped with trunnion cups can be used for determining the mois-

ture equivalent.

SUMMARY

Comparison was made of the moisture equivalents for 58 samples of a num-
ber of important soil types of the United States determined in a regular centri-

fuge equipped with trunnion cups and with Gooch crucibles as containers for

the soil, as described by Goldbeck and Jackson, and in the Briggs-McLane

centrifuge.

The moisture equivalents by the Briggs-McLane procedure ranged from 3.9

to 40.9 inclusive. The range in difference between the methods was —0.9 to

+1,9 inclusive, the Gooch crucible procedure averaging 0.76 per cent less than

determinations made in the Briggs-McLane moisture-equivalent machine.

In this study a significant difference existed between the two methods unless

all values obtained in Gooch crucibles were corrected by use of the regression

equation between the two methods.

When a Bri moisture-equivalent centrifuge is not available,

results satisfactory for most purposes can be obtained by using the equipment

recommended by Goldbeck and Jackson.
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The method described in this paper is valuable for the quick determination

of the percentage of moisture in soil, especially when many determinations are

to be made upon the same kind of soil The method is also applicable to other

materials, such as green plants, grains, sand, and gravel. The only pieces

of apparatus required are some flasks and a balance, preferably automatic,

weighing about 200 gm. to an accuracy of 0.1 gm. Only two weighings are

necessary.

The procedure is as follows: Place 50 gm. of soil in a flask bearing a volume

mark at about 100 cc. Add tap water, shaking at the same time in order to

eliminate soil air. Make up to the volume, and weigh. Subtract from this

weight that of the flask made up to the same volume with only water. The
difference multiplied by a factor gives the oven-dry weight of the soil. The

factor is determined once for each kind of soil by oven drying a sample and

dividing the oven-dry weight by the aforementioned difference.

The factor varied from 1.563 to 1.667 for 17 soils tested; it is about 2.80

for wheat grains, 3 for maize grains, 2.73 for green wheat plants, 1.623 for

kaolin, 1.639 for chalk, 1.612 for sand, and 1.618 for gravel.

In order to eliminate the air readily, it is best to put a little water into the

flask first, then add the material, and finally make up to the volume. To
avoid frothing, the flask must be heated; an air pump may be used for extract-

ing the air, and air bubblesmay also be dispersed with a glass rod. Forordinary

determinations of soil moisture, however, these precautions are not necessary.

Table 1 gives a comparison of the oven-dry weights determined by actual

drying and those calculated by the rapid method applied without the special

precautions for eliminating air.

rrn ^ weight after ignition + CO2 of carbonates , , , , ,The quotient — ^-r r-:j ^
—— was also calculated.

difference m weight of the flasks

This quotient is more constant than the factor for oven-dry weight (see table 1).

It varied from 1.461 to 1.5017 for 17 soils^ tested; for gravel and for soils re-

sembling gravel it is higher. The lower specific gravity of gravel may be

attributed to air-filled interstices in the interior.

^ Table 1 gives tbe results of only a few of the soils tested.
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TABLE 1

Residts of the rapid methodfor determining soil moisture

(Figures correspond to unity as the weight of moist soil)

NUM-
BES SOIL

OVEN-DEY WEIGHT WEIGHT AFTER IGNITION

Actual* Calculated Actual* Calculated

1 Alluvial very sandy soil of 0.9489 0.9503 0.8953 0.9001

Inst, dry exp. field

2 Alluvial sandy soil 0.9019 0.8909 0.8483 0.8439

3 0.9185 0.9193 0.8649 0.8708

4 0.9279 0.9252 0.8743 0.8764

5 0.8894 0.8893 0.8358 0.8424

6 Alluvial very sandy soil 0.9184 0.9109 0.8648 0.8628

7 Alluvial sandy soil 0.9554 0.9484 0.9018 0.8984

8 0.9159 0.9278 0.8623 0.8788
9 0.9159 0.9187 0.8623 0.8702

10 0.9159 0.9222 0.8623 0.8735
11 0.9683 0.9778 0.9147 0.9262
12 0.9683 0.9628 0.9147 0.9198
13 0.9683 0.9678 0.9147 0.9167

14 Red soil from Si rock, Inst. 0.8240 0.8247 0.7618 0.7766
15 Thermi exp. field 0.9040 0,8938

1

0.8418 0.8418
16 0.9232 0.9300 0.8610 0.8759
17 0.8905 0.8835 0.8283 0.8320
18 0.8905 0.8835 0.8283 0.8320
19 0.8905 0.8973 0.8283 0.8476
20 0.8627 0.8680 0.8005 0.8175
21 0.8627 0.8630 0.8005 0.8128
22 0.8627 0.8614 0.8005 0.8113
23 0.9352 0.9382 0.8730 0.8836

24 Terra rossa of St.Paraskevi, 0.9178 0.9177 0.8193 0.8234
25 Thessaloniki 0.9178 0.9138 0.8193 0.8199
26 0.9178 0.9171 0.8193 0.8229

..:27. 0.9430 0.9484 0.8445 0.8510
28 0.9430 0.9395 0.8445 0.8430
29 0.9430 0.9448 0.8445 0.8478

m
:
Redzina soil of N.Plaghiarif 0.8438 0.8437 0.7710

31 Humus-rich soil of Inst. 0.8718 0.8718 0.8057
32 0.8238 0.8209 0.7451 0.7545
33 0.8238 0.8306 0.7451 0.7633
34 0.8238 0.8193 0.7451 0.7530
35 0.8690 0.8725 0.7749

* Determined by the usual method,

t Only one determination.
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TABLE

NW-
BEX SO'IL

OVEK-DXE WEIGHT weight aetee ignixioh

Actual’* Calculated Actual* Calculated

36 Humus-ricli soil of Inst.

—

0.8690 0.8755 0.7776

37 Continued 0.8690 0.8695 0.7722

38 0.8690 0.8682 0.7710

39 0.8690 0.8585 0.7625

40 0.6277 0.6274 0.5573

41
i
Gravel of Epanomi 0.9977 0.9926 0.9914

42'
i 0.9977 1.0007 0.9914

43
!

0.9977 0.9968 0.9914

44 1 0.9951 0.9932 0.9888

45
i

0.9951 0.9942 0.9888

46 i 0.9951 0.9990 0.9888
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Tiie production of artificially radioactive elements in appreciable quantities

by the cyclotron (i, 3, 4, 5) makes available a new tool for soil and fertilizer

studies. Samples of a fertilizer may be synthesized from the radioactive

isotope of the element, and if this fertilizer is applied to a soil it can be located

subsequently with a detector for the beta and gamma rays given off by the

radioactive atoms. The most suitable detecting instrument is the Geiger-

Muller counter because of its small dimensions and high sensitivity.

Some preliminary experiments on the fixation of phosphorus by several

soil types have been carried out with radioactive phosphorus as an indicator.

This was prepared by bombarding red phosphorus with deuterons, a proce-

dure that transforms a small fraction of the phosphorus into radioactive

which has a half life of 14.3 days. The phosphorus was then dissolved in

nitric acid and the solution heated to convert the phosphorus to H3PO4 and

drive off the oxides of nitrogen. The solution was diluted and titrated to

a pH of 3.0 with saturated Ca(OH)2j at which point CaHP04 begins to pre-

cipitate. The solution was increased to a volume of 1 liter and the phos-

phorus content determined by the standard method.

An aliquot of this solution was then poured on top of the soil column in a

cardboard container 4 inches in diameter and 8 inches high. Distilled water

was added to wet the soil to the bottom. Then the soil and the box were

sliced in a vertical direction, and the distribution of the radioactive phos-

phorus in the vertical section was found with the Geiger-Miilier counter (2).

This was done by placing the section in a horizontal position under the counter,

as indicated in figure 1. The number of counts recorded at any depth gives

the amount of phosphorus that has penetrated to that depth. The layer of

soil measured at each setting was three-eighths inches deep and the count

recorded is taken to be the intensity of radioactive phosphorus at the average

depth. It has subsequently turned out that there may be a large change in

intensity in three-eighths inch and it would therefore be advantageous to use

a thinner layer, say one-eighth inch deep. The lead shield insures that beta

rays from other portions of the soil do not enter the counter, if gamma rays

^Assistant professor of physics, physics department, and graduate assistant, agronomy

department, respectively, Purdue University, Lafayette, Indiana.
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are present, corrections must be made for them. Radioactive phosphorus

does not emit gamma rays, and the recorded count corrected for the natural

background of the counter is due only to the portion of the soil directly under

the opening in the lead shield.

The curves in figure 2 show some results obtained with this technic. Equal

weights of four soils—Cecil clay, Newton sandy loam, Crosby silt loam, Bed-

ford silt loam—were treated in exactly the same way by first adding 144 cc.

of the Ca(H2P04)2 solution. The solution contained 314 mgm. P2O5 per 144 cc.,

which added to 1600 gm. of soil is equivalent to about 400 pounds of P2O5

per acre. When the solution had penetrated and disappeared, 350 cc, of water

was added to wet the soil to the bottom of the container. The total water

TO
AMPLIFIER

Fig. 1. Experimental Aireangement- to Measure the Distribution oe Radioactive

added corresponded to a rainfall of 2,5 inches. The samples were then sliced

from top to bottom, and the distribution of the phosphorus was measured

with the Geiger-Miiller counter as described above. It is evident from the

result that the phosphorus does not penetrate very far. In each case the

majority of the phosphorus remains in the upper If inches of the soil. The
curves also indicate the relative fixing powers of the various soils for phos-

phorus. The curves cannot be accurately extrapolated to the surface, since

the first reading was at an average depth of three-eighths inch, but stil an
estimate can be made of the penetration. For example, in Cecil clay, which
has a high fixation for phosphorus, not more than 5 per cent of the added phos-

phate penetrated beyond 1 inch, and more than 50 per cent remained in the

top three-eighths inch. For the other soils the penetration was greater. The
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depths of the layers which fix 95 per cent and 50 per cent of. the phosphorus

are given in .table i..

Fig. 2. Fixation or Phosphorus by Four Different Soils

Each soil received 144 cc. Ca(H2P04)2*H20 solution containing radioactive phosphorus

plus 350 cc. water.

TABLE 1

Penetration of soMle phosphate

SOIL
95 PEE CEHX P
EEMAINS ABOVE

SO PEE CENT P
EEMAINS ABOVE

Cecil clay.

inches

1

inches

I
'

'

Bedford silt loam . i
Newton sandy loam It i
Crosby silt loam.

i

It
r

.

The curves give only relative values and should not be compared on an

absolute basis, since no particular precaution was taken to ensure the same

separation from the cut surface to the counter in each case. These results
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show that soluble phosphate fertilizers put on the top of these soils do not

penetrate to an extent likely to reach the roots of plants feeding deeply in

the soil.

The effect of KCl and (NH4)2S04 on the fixation of phosphorus by the Bed-

ford soil was examined. Three similar samples were treated as above with

100 cc. solution containing radioactive phosphorus. After this solution was ab-

depth in inches

Fig. 3. Eefect of KCIahd (NH4)2S04 on the Fixation of PHOsmonirs in Bedford

SiltLoah

+ = radioactive pFosplioxus solution plus 300 cc. water; O radioactive phosphorus

solution plus 300 cc. water in wMch was dissolved 4.8 gm. (NH4)2S04; ® — radioactive

phosphorus solution plus 300 cc. water in which was dissolved 4.8 gm. KCL

sorbed, 350 cc. distilled water was added to one of the samples and to the others

350 cc. water in which was dissolved 4.8 gm. of inactive KCl and (NH4)2S04

respectively. The resulting distribution of radioactive phosphorus is shown
in figure 3. The (NH4)2S04 had no direct effect on the distribution, and the

KCl apparently caused the phosphate to move down more than where no KCl
was used. The rising portion of the curve in the region of one-half inch sug-
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gasts .that the phosphorus has been partly removed from; the top layers of^

the soil; by;'the, 'KGl ''treatment.
,

One experiment was tried on the adsorption of potassium, using radioactive

potassium as an indicator. Potassium chloride was bombarded with deuterons

to produce with a half life of 12.4 hours. The KCl was dissolved in water,

and 200 cc. of the solution containing 500 mgm. KCi was poured on a sample

of Bedford sEt loam. The soE was then wet down with 3(X) cc. of water.

The KCl added was equivalent to 600 pounds per acre and the water to a

precipitation of 2.5 inches. The distribution of the radioactive potassium

Fig. 4. AnsoKPXiON or Potassium by Bedboed Silt Loam

To the soE was added 100 cc. solution contaming radioactive KCl plus 350 cc. water.

was measured in the same manner as the phosphorus. The results, which

are plotted in figure 4, show that 95 per cent of the potassium chloride applied

in this concentration to this soE did not penetrate beyond If inches,

SimiUAEY

The fixation of phosphorus by Cecil clay, Bedford sEt loam, Newton sandy

loam, and Crosby sEt loam has been investigated by the use of the radioactive

isotope. When Ca(H2P04)2 containing radioactivated phosphorus was ap-

plied to the surface of the sofl and washed down with water equivalent to a

precipitation of 2.5 inches the penetration of the phosphorus ranged from
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1| inches for Cecil clay to about 4 inches for Crosby silt loam. The addition

of KCl caused the radioactive phosphorus to move down into the soil more

than where no KCl was used, but (NH4)2S04 had no immediate effect.

The radioactive technic was used to study the movement of potassium in

Bedford silt loam. It was found that not more than 5 per cent of the KCl

applied penetrated beyond If inches with a water treatment equivalent to

2.5 inches of rainfall.

The radioactive technic appears to present a valuable method for studying

the behavior of ions in soils.

REFERENCES

(1) Allen, A. J., Sampson, M. B., and Franklin, R. G. 1939 The cyclotron of the bio-

chemical research foundation. Jour, Franklin Inst. 5: 543.

(2) Geiger, H., and Muller, W. 1928 Das ElektronenzaHrohr. Pkys. Ztschr, 29: 839.

(3) Henderson, M. C., and White, M. G. 1938 The design and operation of a large cyclo-

tron. Rev, Sci, Inst. 9: 19.

(4) Henderson, W. J., et al. 1939 The Purdue cyclotron. Jour, Franklin Inst, 5: 563.

(5) Lawrence, E. 0., and Cooksey, D. 1936 On the apparatus for the multiple accelera-

tion of light ions to high speed. Pkys, Rev, SO: 1131.



METHODS FOR DETERIVIINING PHOSPHATE IN SOIL EXTRACTS

IAN ARMSTRONG BLACK

Bepartmefit of Agrictiture^ Zomha^ Nyasalmtd

Received for publication January 4, 1940

During the course of an investigation of certain Nyasaland soils an attempt

was made to apply the method of Warren and Pugh (7) to the determination

of hydrochloric acid soluble phosphoric acid, but it was found that the method

failed to give satisfactory results with these soils. The work reported in this

paper resulted from an attempt to overcome this difficulty.

INTRODUCTION

Soils and extracts

The soils under investigation were representative of apparently similar red

earths found on the Native Tobacco Board’s experimental stations at Likuni

and Chimvua in the Lilongwe district, Nyasaland. Sixteen samples which

were representative of the A and B horizons of eight profiles—^four at Likimi

and four at Chimvua—were selected for phosphate analysis. For the present

purpose it will be sufficient to refer to these samples, and to the hydrochloric

acid extracts derived from them, as LI to L8 and Cl to C8 and to note that

an odd suffix indicates a surface soil, and an even suffix, a B horizon. The
organic carbon content of the soils, as determined by the Walkley-Black (5)

method (uncorrected), ranged from 1.67 to 0.23 per cent.

The hydrochloric acid extracts were prepared by the A.E.A. method of

1905 as described by Warren and Pugh (7). In each case 20 gm. of soil was

used, and the final volumes of the extracts (aliquots of which were used for

analysis) were adjusted to 250 cc.

Colorimetric estimation of phosphate

The Deniges method, first applied to soils by Atkins (1) and subsequently

used by Parker and Fudge (3) and by Warren and Pugh (7), has been employed

in all the work reported in this paper, and the molybdic acid and the stannous

chloride reagents were prepared according to the directions given by Warren

and Pugh. The blue phosphate color produced by these reagents appears to

be more sensitive to traces of ferric iron than that produced by the Truog and

Meyer reagents (4), but in the virtual absence of iron both sets of reagents were

found to give identical results.

was originally carried out on the lines advocated by Warren
'
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and Pugli, but the Mowing technique was finally adopted and found to give

very satisfactory results:

Into a lOO-cc. standard flask, 1 cc. of molybdic reagent was introduced, the appropriate

volume of phosphate solution added, and the volume made up to the mark. The solution

was then transferred to a 2S0-cc. conical flask, where color development was started, whenever

convenient, by the addition of 3 drops of stannous chloride reagent.

It was considered that this method has two advantages over the original:

first, the principle, originally stated by Chapman (2), for minimizing the

effect of silica is employed; and, second, because of the speed with which the

stannous chloride can be added to, andmixed with, the contents of the larger

flasks, color development can be started in a number of flasks within a few

seconds of one another. Under such circumstances, color developments and

fadings follow parallel courses, and consequently color comparisons may be

made at any time from 5 to 30 minutes after the addition of the stannous

chloride.

Comparison W2S made against standards derived from a solution of K2HPO4

containing 0.01 mgm. P2O6 per milliliter. It was found that 4 cc. of this solu-

tion (0.04 mgm. P2O6) gave a very convenient depth of color and latterly this

standard was always employed, the amount of unknown being adjusted to

give an approximate match. A Hellige colorimeter with artificial illumination

was used, and the unknown was first matched against the standard and then

the standard against itself. This latter reading was taken for calculation

in order to eliminate any variation between the two halves of the colorimeter.

Acidities

The pH values of solutions were, in all cases, determined by the quinhydrone

electrode with 0.01 N HCl: 0.09N KCl as standard half cell.

METHODS APPLIED TO THE SOIL EXTBACTS

The original Warren and Fugh method

The Warren and Pugh method was designed to remove organic matter

and iron from solution prior to the estimation of phosphoric acid by the Deniges

method. The following solutions, based on those described by Warren and
Pugh, have been employed in all the work reported in this paper: a saturated

solution of potassium permanganate, containing about 6.6 per cent KMn04;
a solution of potassium ferrocyanide, containing 10 per cent K4Pe(CN)6*3H20;
a solution of manganese sulfate, containing 10 per cent MnS04-2H20; an
approximately 6N ammonia solution; and a 2iV sulfuric acid solution.

The original method was applied to the Chimvua extracts by gently heating

a mixture of 15 cc. extract and 2 cc. of permanganate solution on a sand bath
until the precipitate of manganese oxide completely dissolved and thereafter

cooling and diluting to about 35 milliliters. Six milliliters of ferrocyanide

solution, followed by 5 cc. manganese solution, were added with shaking and,
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after standing for a few minutes, the solution was neutralized by ammonia until

the color of the ferrocyanide precipitate changed to purple. Acidity was

next restored by the addition of 3.5 cc. of sulfuric acid, the volume made up to

100 cc., and the precipitate removed by filtration. The filtrate comprising

the first few milliliters was rejected, and aliquots of the main filtrate were

used for color development. .

The method outlined is identical with that described by Warren and Pugh

except for the substitution of potassium permanganate for the 0.5 cc. of 20

per cent sodium permanganate used by them. Warren and Pugh, in discussing

the method, indicate that neutralization to a pH of about 6.8 is necessary to

complete precipitation and that the addition of 3.5 cc, of 2N sulfuric acid pro-

duces a final pH of approximately 3.0 in the solution.

The results obtained with the extracts from the Chimvua soils indicated

that the estimations of phosphate were very irregular (table 1), and experi-

ments with added phosphate showed very incomplete recoveries. Investiga-

TABLE 1

Phosphate in Chimvua extracts as determined hy the original Warren and Pugh method

Mgm. P2O6 in 15 cc, extract

SESIES Cl C2 C3 C4 CS C6 C7 C8

1 i
0.103 0.111 0.135 0.092 0.108 0.064 : 0.084

2 ^ 0.109 0.032 0.132 0.067 0.384
1

0.234

3 : 0.127
1

0.116 0.122
1

0.067 0.338 0.172

tion of the filtrates revealed incomplete removal of iron and very variable

acidities, which averaged a pH of 3.7 instead of 3.0.

Modifications of the Warren and Fugh method

Attempts to overcome the difficulties of the original method merely by

increasing the amounts of ferrocyanide and acid led to very greatly increased

estimates of phosphate but failed to give consistent results; and it was con-

cluded that hydrochloric acid extracts from different soils possess different

buffer actions which prevent the original method of acidity adjustment from

giving regular pH values in the final solution. It is noteworthy that, with

the addition of 3.5 cc. of IN acid, Warren and Pugh reported a final pH of

3.0, with the Nyasaland soils very variable acidities, averaging pH 3.7, were

obtained, and when the same procedure was applied to a hydrochloric acid

SGlution containing 0.5 gm. of ferric iron, a final pH of 1.45 was obtained.

Subsequent experiments indicated that

Iron and manganese ferrocyanides could be completely precipitated in comparatively

acid solution (pH 1,0 to 2.0) and at such acidities no phosphate was coprecipitated. The
neutralization to a pH of 6.8 and subsequent reacidification thus appeared unnecessaiy, and

it was concluded that a pH of 3.0 was not acid enough in the case of the extracts from the

Nyasaland soils.
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The necessary adjustment of acidity, prior to precipitation, could be made by taking ad-

vantage of the change in color from yellow to orange which occurs when solutions of ferric

iron are neutralized to a point just before a permanent precipitate forms. The addition of a

definite amount of standard acid to the orange solution obtained by neutralizing the soil

extracts with ammonia was found to give a final pH which was largely independent of the

soil extract employed.

The amount of ferrocyanide was not critical, provided sufl&cient was added to remove

all the iron.

The amount of manganese sulfate was not critical, provided sufficient was added to remove

all excess ferrocyanide.

In the case of these sods, the organic matter was not sufficient to interfere with the method,

since the same apparent phosphate contents were found either with or without the pre-

liminary permanganate treatment.

TABLE 2

Preliminary experiments

ACH) ADDED

MATERIAL Before
j

precipi-
;

tation of
j

iron

After
precipi-
tation of

iron

EUFe-
(CN)6

MnS04 pH PsOfi

EOtJND

cc. cc,
\

cc. cc. mgm.

15 cc. L 3.0 3.0 10.0 6.7 1.16 1.33

15CC.L1 3.0 3.0 10.0 4.8 1.16 1.33

15 cc. L 1 3.0 3.0 10.0 4.0 1.17 1.32

15CC.L4* 3.0 3.0 10.0 6.1 1.13 1.13

15 CC.L4. 3.0 0 10.0 6.1 1.44
I

1.11

15 cc. L 4 6.0 0 10.0 6.1 1.17 1.12

15 CC.L4. 3.0 3.0 10.0 9.9 1.17 1.13

1SCC.L4 3.0 0 10.0 9.9 1.45 1.13

15 cc. L 4..

Average for L 4.

6.0 0 10.0 9.9 1.18 1.11

1.12

15 cc. L 4 4- 0.10 mgm. P2O5 5.0 0 10.0 7.0 1.23

15 cc. L 4 + 0.25 mgm, T2O6 5.0 0 10.0 7.0 1.39

15 cc. L 4 0.50 mgm. P2O5 . ..... 5.0 0 10.0 7.0 1.63

* No preliminary permanganate treatment.

Table 2 shows the results of some of the preliminary experiments illustrating

the foregoing points. It will be noted that in some cases the addition of the

2N sulfuric acid was made in two stages in order to ascertain whether any
advantage resulted from carrying out the precipitation in a less acid solution

than that finally produced.

Method finally used

Fifteen milliliters of soil extract, either with or without preliminary per-

manganate treatment, was diluted to about 40 cc. and neutralized with am-
monia until a full orange color, but no precipitate, was developed. Five
milliliters of 2N sulfuric acid was then added, followed by IG cc, ferrocyanide
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and .7 ,cc. manganesevSiilfate. After standing a few minutes the solution was.

diluted ' to i(X); CCj filtered, through a No. 30 Whatman paper, , the :firstiew

milliliters being discarded, and aliquots of the filtrate were used for color de-

velopment. The results obtained by this method are shown in table 3 and

have been corrected for P2O6 contained in the reagents.

AUermiwe methods

Preliminary experiments indicated that the phosphoric acid isolated from

soil extracts as ammonium phosphomolybdate could be determined colori-

metrically. The following procedure, which includes Ward^s method (6) of re-

moving silica and organic matter, was finally adopted.

Soil extract, 20 or 25 cc., along with 2 cc. each of sulfuric, hydrochloric, and

nitric acids, was evaporated on a water bath and then on a sand bath until

distinct fumes of sulfur trioxide were evolved. Thereafter the residue was

TABLES
RestiiiSf expressed as percentages PtO& in soilj obtained by the modified Warren and Pugh method

{M. W. P.), the alternative method (A. M.), and the confirmatory methods (C. M.)

METHOD Ll L2 L3 L4 LS L6 L7 L8

M. W. B. 0.109 0.099* 0.092* 0.093* mm itHa
A. M. 0.099 0.094 0.092 0.109

C. M. .....
1 Ba Hfi

Cl C2 C3 C4 cs C6 C7 C8

M. W. P. 0.098* 0.096 ItMtMIB 0.096 i 0.089 i 0.127 0.087

A.M.
.

1

0.101 mm 0.097 0.091
1

C. M. ,

1 iBHI 0.089

No preliminary permanganate treatment.

dissolved in water, and silica was removed by filtration. Phosphoric acid

was precipitated from the filtrate in the manner described by Woy (8) for his

first precipitation except that, to avoid any chance of incomplete deposition

of the phosphomolybdate, the solution was heated for 2 or 3 hours and then

allowed to stand overnight at room temperature. Next day, the precipitate

was washed by decantation with the solution recommended by Woy, the

decanted liquid being poured through a No. 30 Whatman filter paper. The

precipitate was then dissolved by pouring 10 cc. of 1 in 10 ammonia, in three

portions, through the filter into the beaker containing the bulk of the pre-

cipitate, and the filter was washed twice with water, once with very dilute

acid, and, finally, twice with water. The ammoniacal solution and the wash-

ings were diluted to about 50 cc., acidified by the addition of 1 cc. of concen-

trated hydrochloric acid, and made up to 100 cc.

The solution so obtained was virtually iron-free and, as no precipitate formed

even on standing several days, portions could be taken for color development,
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by the usual method, when required. The results obtained in this way are

shown in table 3 for comparison with the figures obtained by the modified

Warren and Pugh method.

Confirmatory methods

For additional confirmation, silica and organic matter were removed from

three of the extracts (C6, L5, and L6) by double evaporation to dryness, in the

presence of nitric acid, and baking. As titanium was known to be present,

the silica residues were fused with sodium carbonate, the melt dissolved in hot

water, iron and titanium removed by filtration, and silica again removed by

double evaporation to dr3mess and baking. Phosphoric acid was estimated

as follows: {a) In the case of C6, the two silica-free solutions were combined,

and the total phosphoric acid was determined gravimetrically after double

precipitation as ammonium phosphomolybdate, as described by Woy. (6)

In the case of both the other extracts, phosphoric acid was determined sepa-

rately, in each of the silica-free solutions, by colorimetric methods. After

correction had been made for the phosphoric acid in the sodium carbonate,

12.5 per cent of the total phosphoric acid in LS was recovered from the original

silica residue, and the corresponding figure for L6 was 6.8 per cent.

The percentages of phosphoric acid found by these methods are included in

table 3.

EXAMINATION OF METHODS

In the preceding part of this paper, a modification of the Warren and Pugh

method was described which, while retaining the simplicity and speed of the

original method, appears to be applicable to a wider range of soils. This

modified method was developed somewhat empirically. In the following pages,

controlled experiments are described, and an attempt is made to ascertain the

limitations of the method.

For the experiments, test solutions were prepared consisting of 4 cc. con-

centrated hydrochloric acid, 1.0-1.2 mgm. P2O6,
and variable quantities of

iron. These solutions were designed to correspond to 15 cc. of extract from a

soil containing 0.083-0.100 per cent acid-soluble P2O6 and, in some cases,

known amounts of other elements were added before the solutions were sub-

mitted to the standard procedure, for isolating phosphate, already described.

In all cases the procedure was the same, but the volumes of ferrocyanide,

manganese sulfate, and acid were varied in different experiments.

Iron alone

No special difficulty was encountered with iron alone, but it was noted that

the amount of ferrocyanide required to precipitate iron indicated a precipitate

with the composition FeHFe(CN)6 rather than Fe4[Fe(CN)6 ]3 . The latter

composition would indicate that, to precipitate 0.1 gm. of Fe, 5 cc. of 10 per
cent potassium ferrocyanide would be required, whereas it was found that even
6 cc. were not sufficient. This is interesting in view of the failure of the original
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metbod (employing 6 cc,) to remove iron completely from the Nyasaknd soil

extracts, some of which contained as much as 0.097 gm. of iron in 15 cc.

When an excess of ferrocyanide had been used, the method yielded solntipns

which gave virtually no color when tested with thiocyanate. The importance

of this complete removal of iron is illustrated by the following results of ex-

periments in which color development was carried out in the routine manner

with 0.04 mgm. P2O5 standards but with variable amounts of iron:

Fe. ......... . .rngm. 0.000 0,010 0.013 0.020 0.025 0.040 0.050

Color. ..percent m.O 99.6 98.9 99.2 97.5 97.2 92.5

Tiianium

Titanium forms an insoluble ferrocyanide and theoretically should be pre-

cipitated along with iron, but in practice it was found to be a limiting factor

for the method.

Experiments with test solutions containing titanium and iron are summarized

in table 4, and the following conclusions were reached

:

The removal of titanium is rarely complete and becomes increasingly dffiailt as the Ti/Fe

ratio, and to a lesser extent the absolute amount of titanium, increases.

The recovery of phosphoric acid is similarly controlled, and if the solution after filtration

gives more than the slightest yellow color on addition of hydrogen peroxide, low results are

to be expected.

The recovery of phosphoric add is also controlled by the addity. In general, the greater

the amount of titanium, the greater is the acidity required to insure a good recovery.

With titanium present in appredable quantity, it is important to use a considerable excess

of ferrocyanide.

The method becomes unsatisfactory when much titanium is present. Thus in the presence

of 0.1 gm. of iron, the practical limit, even with increased addity and ferrocyanide, is probably

about 17 mgm. titanium.

Analysis of two of the extracts of the Nyasaland soils indicated titanium

contents of the order of 3.4 mgm. per 15 cc., and the iron present was of the

order 0.06 to 0.10 gm. The result of experiment 4 (table 4), therefore, in-

dicates that satisfactory results would be obtained with the extracts under

similar conditions. It may also be noted that the higher acidity found neces-

sary with this method is probably due to the presence of titanium in

the extracts.

Vanadium

An experiment in which vanadium (0.01 gm. vanadium chloride) was present

along with iron and titanium gave, with the usual procedure, satisfactory re-

coveries of phosphoric acid. It was concluded, therefore, that vanadium did

not upset the method.

Aluminum

The presence of aluminum was found to have no effect on the modified

method, but when test solutions with aluminum were treated by the original

Warren and Pugh procedure, it was found that thepH of the solution produced
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was greatly influenced by the quantity of aluminum present. A probable

explanation is that, during the neutralization to pH 6.8, aluminum hydroxide

is precipitated in the original method and, consequently, on subsequent acidi-

fication a portion of the acid is used up in redissolving the precipitate. With

the modified method, neutralization is stopped before aluminum is precipitated,

TABLE 4

Recmries ofLO mim. P^OsJrom test solutions containing mriahle amounts of titanium and iron,

after correction for the average blank of the reagents, i.e,, 0.02 mgm. FaOs

EXPERI-
MENT

HXIMBER

.TEST SOEOTION REAGENTS USED COMPOSITION OF SOLUTION PRODUCED

Fe Acid
K*Fe-
(CN)6

MnSOi Fe* Ti*
KFe-
CCN)e*

pH Nor-
mality

PaOs
found

mgm. :
vigm. CC. CC. CC. mgm.

' 1 3.4 SI 8.0 6.0 3.0 -- r 1.11 .166 0.98

2 8.0 10.0 7.0 — — — 1.18 .164 1.00

3 101 6.0 6.0 5.0 nd — 1.23 nd 0.82

4
:

6.0 10.0 7.0 — nd — 1.31 nd 0.98

5 6.9 S3 5.0 10.0 7.0 — + 1.34 nd 0.84

6 10.0 7.0 4.0 — t •— 1,07 .204 1.00

7 103 6.0 6.0 5.0 4-+ nd — 1.27 nd 0.80

8 6,0 8.0 4.9 — + 1.36 nd 0.96

9 6.0 10.0 7.0 -- — — 1.40 nd 0.96

10 6.0 12.0 9.0
.

— t 1.40 nd 0.96

11 8.0 8.0 4.9 + -h-h 1.26 nd 0.91

12 8.0 1 10.0 7.0 .t
i

1.28 nd 1 1.00

13 8.0: 9.1 8.0 — t .

i

— 1.31 nd 1.01

14 8.0 10.0 5.0 t — 1.25 nd 1.01

15 8.0 10.0 9.0 t 1.30 nd 1.00

16 10.0 10.0 7.0 — t — 1.20 .215
[

0.99

17 vifi 57 10.0 11.0 7.0 t ,
— 1.16 nd 0.58

18 12.0 12.5
:

9.5 —

1

+ 1.06 .248
1 0.74

19 107 8.0 11.0
1

1

7.0 + . — 1.30 nd 0.90
20

1

10.0
i

15.0
1

9.0 — 4*
,

— 1.21 .215 0.93
21 10.0 f 14.0 9.0 — t — 1.16 nd 0.97
22

r
12.0

1

15.0 9.0 — t — 1.04 .255 0.96

* Colorimetric Tests: KCNS for Fe, H2O2 for Ti, and iron for KiFeCGlSO®. -f- « definite

color; t == trace of color; no color; nd not determined.

and accordingly all the acid is available for increasing acidity, with the result

that a definite volume of standard acid produces approximately the same pH
independently of the aluminum present.

Silica and organic maUer

Silica and organic matter were not found to cause any trouble in the analysis
of the Nyasaland soils, but either or both may be of importance in other soil
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:

„ types. The, following suggestions .for 'their removal are' therefore .'madey

the'firsttwo being available for c'itric acM extracts (6, 7):
"

Organic matter may be removed by permanganate as in the original Warren, and .Pugh
method.

Organic matter .and most of„the silica may be .removed in one operation by Ward^s.method

(6), which has bee.n described in connection with the predpitation-colorimetrlc method.

Removal of silica by evaporation and baking, although inadmissible when iron and titanium

^ are both present, may be .applied, to solutions tht removal, of these. elements. ,,Th!s.

procedure was tried, with .some of .the soil extracts, an aliquot, 'which, would normally
,

have

,

been used di.rectly for color development, being freed from sHka and. organic matter by

double evaporation to diyiiess.in the' presence of nitric and hydrochloric' acids, and the final

residue, so obtained, dissolved in a little acid, and' the resultant solution used for .color,, de-

velopment. It was found that only about 1 per cent of the PaOs w.as lost in the process.

Acidity

The effects of variable quantities of O.liV sulfuric acid on color development

with 0.04 mgm. P2O6 were found to be as follows:

'

0.1 N acid cc. 0 10 20 25 30 35 50

Color... per cent 98.8 96.8 96,0 95,6 94.0 89.6

It therefore appears that, if underestimation of phosphate is to be avoided,

the quantity of acid solution taken for color development must not exceed

equivalence to 10 cc. of O.liV acid. Table 4 indicates that the normality of

the iron-free solution can be represented approximately by 0,0215 (5 ==

volume of 2N sulfuric acid), and the volume equivalent to 10 cc. O.liV acid is

the reciprocal of this normality. On the other hand, if 0.04 mgm. P2O5 stand-

ards are used, the volume required for color development must be approxi-

mately 1/3P, where P = per cent HQ-soluble P2O6 in the soil. Combining

these results, appreciable underestimation of P2O5may be expected if P< 0.0075.

Thus, when 8 cc. of acid are employed, appreciably low results may be ex-

pected, because of acidity, if the soluble P2O6 in the soil is much under 0.056

per 'cent.

\ Experiments with test solutions containing iron and P2G5 equivalent to

IS cc. of extracts from soils containing 0.021 and 0.0125 per cent P2O5 resulted

in recoveries equivalent to 0,020 and 0.120 per cent respectively. Greater

accuracy was attained very simply, however, by adding equivalent amounts

of acid to the 0.04 mgm. phosphate standard prior to color development.

When this was done, virtually theoretical results were obtained. The alterna-

tive method of neutralizing the solutions yielded high recoveries, presumably

because of the effect of neutral sulfates on color development reported by

Chapman (2).

The foregoing calculations apply to extracts prepared by the particular

method used for the Nyasaland soils, but analogous considerations can be

applied to any type of extract.

1 . Filtration of ferrocyanide precipitates. Ward (6) has reported difficulty in filtering

feiTocyanide precipitates, but this has not been experienced when the following precautions
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were taken: (a) a reasonable excess of manganese sulfate was used; (5) the filter paper (What-

man No. 30) was folded in the ordinary manner and the inner fold bent round spirally so as

to avoid contact with the rim; (c) the filter was never filled above the level of the first filHng;

(d) the first few milliliters of filtrate (which usually had a blue color) were discarded.

Z. Small amounts of iron in extracts. When iron is present in only small quantity, 0.05 gm.

iron should be added as an indicator.

3, Estimation of titanium. The writer found that a convenient way of estimating titanium

in extracts was to neutralize to the orange iron color with ammonia and boil with excess of

sodium thiosulfate for 5 minutes. The precipitate of aluminum and titanium hydroxides

was well washed with hot water and redissolved in hot 1:3 sulfuric acid. The solution was

allowed to stand overnight to flocculate suspended sulfur, and after filtration and dilution to a

definite volume, aliquots were used for colorimetric titanium estimation by hydrogen peroxide.

Recoveries of about 99 per cent were obtained.

4. Large amounts of titanium. When titanium is present in excess of about 17 mgm., the

method becomes unreliable, but in such cases, the alternative precipitation-colorimetric

method is still applicable. When a test solution containing 126 mgm. iron, 69 mgm. titanium,

and 1.0 mgm. PzOs was employed in the latter method, a recovery of 1.06 mgm. PaOs was ob-

tined. This high recovery was thought to be due to traces of phosphate in the titanium

chloride used.

SUMMARY

A modification of the Warren and Pugh method for determining phosphoric

acid is described which, without sacrifice of speed or simplicity, gave satis-

factory results with extracts of certain Nyasaland soils when the original

method had failed. Further investigation of the scope of the method indicates

that, with some simple modifications, it can be applied to extracts with a very

considerable range of compositions, including those obtained in determinations

of available phosphates, but that low estimates of P2O5 may be expected when

appreciable quantities of titanium are present.

An alternative method is also described which, though considerably more

tedious, gives almost identical results when both methods are applicable and

appears to be unaffected bv relatively large quantities of titanium.
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Seleniuiii is present in the soil in varying quantities; in certain localities,

the vegetation contains sufficient to be toxic when eaten by animals. Several

states, as well as the United States Department of Agriculture, have realized

the economic importance of the selenium problem and have made studies

regarding the occurrence and distribution of this mineral in soils and plants.

Our knowledge of the selenium content of Utah soils and of Utah-grown

plants is meager. Hence, this study was undertaken to determine the sele-

nium content of t3q)ical forage plants collected from various parts of the state

to learn whether they carry sufficient selenium to injure the animals which

feed upon them.

OCCURRENCE OR SELENIUM

Three methods have been used to determine the geographical distribution

of selenium: (a) the analysis of soils for selenium, (b) a study of geological

formations from which the soils developed, and (c) a study of native vegeta-

tion found growing on seleniferous soils. Beath,^ Eppson, and Gilbert (2)

reported that selenium occurs in varying quantities through Cretaceous and

Tertiary shales. Later they (6) found additional geological formations which

are capable of supporting seleniferous vegetation. Of great importance in

connection with locating seleniferous areas has been the discovery by Beath

and co-workers (1, 3, 4) that certain native selenium-bearing plants may be

used as indicators. As these native plants can be relied upon to contain

significant amounts of selenium during ail or a major part of their annual

growth, their occurrence indicates the presence of selenium in soils upon which

they grow. Beath, Gilbert, and Eppson (5) list the primary group of selenium

indicator plants as certain species of the following genera: Stanleya, Oompsisy

Xylorrhizaj and Astragalus.

The existence of seleniferous areas has been established in parts of 16 western

states, including Wyoming, Arizona, South Dakota, Utah, Colorado, Cali-

fornia, Idaho, Montana, Nevada, New Mexico, Oregon, Texas, Kansas, North

Dakota, Nebraska, and Oklahoma.

Byers (7) was the first to analyze plant samples collected within the state

^ The authors wish to acknowledge suggestions and help received on methods from 0. A
Beath, of the Wyoming Agricultural Experiment Station.
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of Utah. Later Byers, et al. (8) reported the results of a survey of parts of

Utah which established the existence of seleniferous areas. Beath, Gilbert, and

Eppson (5) found that a particular shale formation in Provo Canyon, Wasatch

Mountains, Utah, is among the most highly seleniferous geological forma-

tions in the western United States.

They (6) also found from the analysis of a number of seleniferous indicator

plants that selenium occurs in the following areas within the state of Utah:

in the eastern part near Cisco, in scattered patches from Cisco to Price and

from Cisco to Moab, in Box Elder County in northwestern Utah, in Provo

Canyon, and in Washington County.

METHOD OE INVESTIGATION

The modifications (9, 19) of the Robinson, Dudley, Williams, and Byers

(RDWB) (20) methods and modifications (13, 14) of the Horn (10) were

checked. As a result of this preliminary work the method selected for the

determination was as follows: a 5-gm. plant sample was digested until colorless

in a Kjeldahl flask containing SO cc. of concentrated sulfuric acid and 0.2 to

0.4 gm. of mercuric oxide. The Kjeldahl flasks were cooled, and the material

was transferred quantitatively to a 50-cc. volumetric flask and diluted to

volume with concentrated sulfuric acid. A 10-cc. portion was placed in a dry

test tube and centrifuged until the solution was clear. Three drops of sat-

urated codeine hydrochloride were added to each tube and allowed to stand

in a dark cupboard overnight. A blue color developed in the tubes containing

selenium. A rough quantitative determination was made after 24 hours by

comparing the tubes with standards which had been similarly prepared.

The smallest quantity of selenium which could be detected by this method

was 0.002 mgm., equivalent to 0.4 p.p.m. Wlien no color was detected the

result was recorded as negative, and quantities between 0.4 and about 2.5

p,p.m. were recorded as traces. The upper limit of a trace was chosen as

2.5 p.p.m. because quantities less than this have a considerable percentage of

error even when determined by the modified RDWB method. Plants carrying

less than 4 p.p.m. of selenium are not considered toxic to animals which feed

upon them (7).

Samples which were found to contain selenium in quantities greater than

about 2.5 p.p.m. were checked by the following method: A 10-gm. sample

was digested with 10 gm. of a catalytic mixture (100 gm. of anhydrous sodium
sulfate, 3 gm. of mercuric oxide, and 2.2 gm. of anhydrous copper sulfate)

and 90 to 100 cc. of concentrated sulfuric acid in a special Pyrex distillation

apparatus. A small flask, such as a 150-gc. fat-extraction flask, containing a

small amount of water was used as a receiver, the tip of the condenser being

immersed in the water.

The distillation flask was slowly heated until danger of foaming was past

and then strongly heated. The material in the flask was digested until the

sulfuric acid was clear. On completion of the digestion the flask was allowed
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to cool, and the material in the receiver was added through the thistle tube to

the digested material in ^the distilation' iask. The flask was again cooled: and

12 to 20 cc, of a 1 to 10 bromine-hydrobromic acid added* The mixture was

distilled into a flask containing a little water until virtually all of the hydro-

bromic acid was distifled over, indicated by a lightening of the color of the

material in the Kjeldahl flask. The distillate was jfiltered through a Gooch

crucible to remove waxy material and was decolorized with suMur^ dioxide,

which was allowed to run into the solution for a minute or two after decoloriza-

tion. About 0.2 to 0.4 gm. of hydroxylamine hydrochloride was added and the

mixture heated on a steam bath for 1 hour. After standing overnight the

precipitated selenium was filtered through a small Gooch crucible and washed

with water to remove any hydrobromic acid.

The selenium was dissolved in about 15 cc. of hot concentrated nitric acid

diluted with water and filtered from the asbestos by suction. The nitric

acid solution was evaporated on a steam bath until nearly dry. The residue

was dissolved in dilute 1 to 10 nitric acid to which about 0.2 to 0.3 gm. of urea

had been added to destroy the lower oxides of nitrogen. A few small crystals

of potassium iodide were added to this solution, and the liberated iodine was

titrated with a standard thiosuKate solution using starch indicator. A satis-

factory thiosulfate solution was one of such strength that 1 cc. is equivalent

to about 0.1 mgm. of selenium. The results obtained by this method were

recorded as parts per million.

Typical forage plants were analyzed. They were collected from grazing

districts throughout the state. Each sample was a composite collected from

many plants within the specific area. Mature plants were collected, and only

that part consumed by animals was used. They were carefully composited,

air dried, and finely ground for analysis (11).

The districts investigated were as follows: 1. Trout Creek area in western

Utah. This area forms the western half of Juab County, southwestern Tooele

County, and northwestern Millard County. 2. Pine Valley and Antelope

Valley area in southwestern Utah. This includes Beaver County and the

southern half of MiUard County. 3. A district in Cache County, northeastern

Utah, which includes a part of Cache National Forest Reserve and points

near Logan.

hesults

A list of plant species from the Trout Creek area, the percentage of plants

carrying selenium, and the relative quantities carried are given in table 1.

Eighty-two per cent of the 40 plants analyzed from the Trout Creek area

were found to contain selenium. This large percentage indicates that selenium

is very generally present in the soil of this area. Only 20 per cent of the plants,

however, contained more than 2.5 p.p.m. of selenium.

Byers (7) assumes 4 p.p.m. of selenium as a tolerance limit and considers

5 p.p.m, as potentially dangerous. Moxon (19) asserts that chronic selenium
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poisoning results when an animal consumes feed containing 5 to 40 p.p.m, of

selenium for several days or weeks.

Hants from^^a^ area that were found to contain over 2.5 p,p.m.

of selenium are listed in table 2. Even if the animal ration consisted entirely

TABLE 1

Number ofsamples^
percentage of samples containing more than 2.5 p-p>m. of selenium j

percentage

containing a trace of selenium^ and percentage containing no selenium in 10 plant species

from the Trout Creek area

NAME

numbes,
OF

SAMPLES

PEECENXAGE OF SAMPLES
WITH

Scientific Common

More
than
2.5

p.p.m.
sele-

nium

Trace
of

sele-

nium

No
sele-

nium

Atriplex canescens Fourwing saltbush 3 0 100 0

Atriplex nuttallii Salt sage 3 0 100 0

Artemisia tridentaia Blue sage 6 17 83 0

Gutierrezia sarothrae Matchweed 6 0 83 17

Ephedra nevadensis Brigham tea 5 20 60 20

Eurotia lanata White sage 2 0 50 50

Atriplex confertifolia Shadscale 5 40 40 20

Juniperus uiahensis White cedar 3 67 33 0

Salsola pestifer Russian thistle 3 33 33 33

Ckrysothamnus viscidiflorus Yellowbrush 4 25 25 SO

Average 20 62 18

TABLE 2

Plant samplesfrom Trout Creek area containing more than 2.5 p.p.m. of selenium

SCIENTmC NAME SELENIUM

p.p.m.

Atriplex confertifolia. 4.8

Salsola pestifer 4.4

Ephedra nevadensis 4.4
Artemisia tridentaia 3.7

Juniperus uiahensis 3.7
Juniperus uiahensis 3.6
Atriplex confertifolia 2.6
Ckrysothamnus viscidiflorus. ............. '2.6:

'

of the plants given in table 2, it would still be under the tolerance limit, and
poisoning would probably not result.

A list of plant species from the area about Pine Valley and Antelope Valley,

the percentage of plants containing selenium, and the relative quantities carried

are given in table 3.
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Seventy-one per cent of the plants from this area were found to.,contain'

selenium as. compared to '82 per cent from the Trout Creek area. Eight per

cent of plants from this area as compared to 20 per cent from' the Trout: Creek

area contained quantities of selenium greater than 2.5 p.p.m.

The plants from this area containing more than 2.5 p.p.m. selenium were as

folows: a sample of Atriplex cmferiifoUa, 5.4 p.p.m., and a sample of Efhedm
nmjademiSj 2.6 p.p.m. As these plants would constitute' only a part of the

animaFs ration, their selenium content would not be sufficient to cause poi-

soning.

Plants from the Cache National Forest Reserve and places near Logan were

found to contain little or no selenium.

Tiie following plant samples contained traces of selenium: two Vida ameri-

cana, one Astragulas utahemis, and one Artemisia frigida. These plant species

TABLE 3

Number ofsamples^
percentage ofsamples containing more than 2.5 p.p.m. of selenium, percentage

containing a trace of selenium, and percentage containing no selenium in afew plant species

from the Pine Valley and Antelope Valley area

FEECENTACE OF SA&tFI^S WITH

Scientific Common

NirOEB OF
SAMFLES More

than 2.5

p.p.m.
selenium

Trace of
selenium

No
selenium

Artemisia nova Curley sage 4 0 75 25

Ephedra nevadensis Brigham tea 7
;

14 72 14

Atriplex confertifolia Shadscaie 5 20 60 20

Other species* 8 0 50 50

Average. 8
i

63 29

* One or two samples of each of the following species: Atriplex canescens (fourwing salt-

bush), Atriplex nuUallii (salt sage), Artemisia trideniata (blue sage), Juniperus utahensis

(white cedar), Chrysothamnus mscidijlorus (yellowbrush), and Eurotia lanata (white sage).

are found to contain large quantities of selenium when grown on seleniferous

soils. This indicates that selenium is present in smaE quantities and would

not be absorbed by most forage plants.

The foEowing plant samples from this district were found to contain no

Chrysothamnus visddiflorus (yeEowbrush), Chrysothamnus nau-

(rabbitbrush), one of Atriplex nuttallii (salt sage), one of Frunus melano-

carpa {chokech^nj), one oi Frushia tridentata (bitterbrush), one of Zygadenus

gramineus {A^diCh camas), one of Gutierrezia sarothrae {matchwted), one of

Thermopsis Montana, one of Agropyron pauciflorus (slender wheatgrass), and

one of wfc/o/fa (horsemint).

Three samples of Artemisia nova from the grazing area of SkuU VaEey in

eastern Tooele County were found to contain no selenium.

The main plant species from aE the districts investigated, the percentage
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of plants carrying selenium, and the relative quantities carried are given in

table 4. The 13 species analyzed were found capable of absorbing selenium,

but they varied in amounts absorbed.

TABLE 4

WuMhsf of sopiploSi p&TCOfvldge ofsoMplos cofitdinifig mots them 23 p.p,M. of sclcniuMy pcTcctUdge

containing a trace of selenium, and percentage containing no selenium in plant speciesfrom

all the districts investigated

. NAME

NXJMBEE
OF

sampi.es

PERCENTAGE OF SA3SSPLES
: WITH

Scientific Common

More
than

i

2.5

p.p.m.
sele-

nium

Trace
of

sele-

nium

No
sele-

nium

Atriplex canescens Fourwing saltbush 4

"

1
0 100 0

Gutierrezia sarothrae Matchweed 6 0
1

83 17

Artemisia nova Curley sage 4 I 0 75 25

Artemisia tridentata Blue sage 7 14 72 14

Ephedra nevadensis Brigham tea 11 18 64 18

Atriplex nuUallii Salt sage 5 ' 0 . 60 40

Juniperus utahensis White cedar 5 t
40 60 0

Artemisia spimscens Bud sage 4
1

0 50 50

Eurotia lanata White sage 4 0 50 50

Chrysothamnus nauseosus Rabbitbmsh 4 0 50 50

Atriplex confertifolia Shadscale 11 36 46 18

Salsola pestifer Russian thistle 3 33 33 33

Chrysothamnus viscidifiorus } Yellowbrush 7 14 14 72

TABLE 5

Amounts of selenium and percentages ofsulfur in 8 samples ofshadscale

SAMPIiE OF SHADSCALE SUIFUR SELENIUM

percent p,p.m.

, 1 : 0.247 trace

2 0.267 4.8
'3.". 0.272 0

: 4: 0.290 trace

- 5 „ 0.290 5.4
6 0.309 trace

7 0.420
, 0

v,.'.: 8:
'

0.560 2.6

Beath, Gilbert, and Eppson (5) ]ht Atriplex canescens and Atriplex nuUallii

as representative species that may be seleniferous and call them ^'convertor’'

plants. They found fourwing saltbush to be somewhat more dependable than
salt sage as a selenium-absorbing plant under the same soil conditions. They
have not found Atriplex confertifoUa, normally, to be seleniferous.



SEIEMIUM m UTAH FOliAGE ' PLANTS 30S

Mo' distinction could be made between the so called '‘^convertor” plants .and,

.some of the ,ot.her plant species. AtripUx confertifolia and Jmtipems uiahemis,

wMcli are not listed as ^^convertor^’ plants, were found to be slightly more

seleniferous than, any other plant species analyzed.

There is a controversy among investigators (12, 16, 17, 18, 19) concerning

the use of sulfur to prevent absorption of selenium; hence, it is interesting to

compare the sulfur and selenium content of these plants (11). In table S

are given the selenium and the sulfur contents of several samples of shad-

scale.

Results similar to those given for shadscale in table 5 were found for other

plant species. There is no apparent relationship between the sulfur content

and selenium content of forage plants found growing on different soils (15).

CONCLUSIONS

The results obtained in this work indicate that small amounts of selenium

are present in the majority of forage plants in the Trout Creek area and in the

Pine Valley and Antelope Valley area, whereas the forage plants from the

Cache National Forest Reserve area are almost free from selenium.

The forage plants from the areas investigated do not contain sufficient

selenium to be considered toxic to animals which feed upon them.

There is no apparent relationship between the sulfur and selenium content

of forage plants from the areas studied.

SUMMARY

This study was undertaken to determine the occurrence of selenium in

typical forage plants collected from various parts of Utah and to learn whether

these plants carry sufficient selenium to be toxic to animals.

Plants from the different areas were tested for their selenium content by
a colorimetric method using codeine, and those plants which contained more

than about 2.5 p.p.m, were further tested by the volumetric modified method

of Robinson, Dudley, Williams, and Byers.

Eighty-two per cent of the forage plants analyzed from the Trout Creek

area and 71 per cent of the plants from the Pine Valley and Antelope Valley

area were found to contain small amounts of selenium. Twenty per cent of

the plants from the Trout Creek area contained over 2.5 p.p.m. as compared

to 8 per cent of the plants from the Pine Valley and Antelope Valley area.

The majority of plants from the Cache National Forest Reserve did not contain

selenium, and the vetches, which are usually highly seleniferous, contained

only a trace. A1 of the plant species analyzed were found capable of absorbing

selenium and were found to vary in the amounts absorbed. The most selenium

found in any plant was 5.4 p.p.m. There was no apparent relationship be-

tween the amount of selenium and the per cent of sulfur in the plants.

It is concluded that small amounts of selenium occur in forage plants in

some areas of the state of Utah, but none of the plants studied contained

sufficient selenium to be considered toxic.
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Irrigation studies conducted at Medford, Oregon, since 1930 have shown

the advisability of closely regulating soil moisture in the major portion of the

rooting zone of pear trees. Wlien the average soil moisture in the major root-

ing zone of pear trees on heavy clay soils, the upper 3 feet (1), was maintained

high in the available range, larger fruit and greater yields resulted than when

the soil moisture was allowed to decrease much below the approximate mid-

point of the available range (9, 10). When this occurred, rate of fruit, shoot,

limb, and trunk growth, and duration of stomatal opening decreased. Soil

moisture investigations have also shown a marked lack of penetration of ir-

rigation water into the lower part of the rooting zone in many soils of this area.®

Soil moisture in the major rooting zone should be replenished to field capacity

at each irrigation; therefore, knowledge of soil moisture conditions immedi-

ately following each irrigation is needed.

In practical irrigation it is desirable to know the available water holding

capacity of the soil, represented by the difference between the upper limit

(field capacity) and the lower limit (wilting percentage) of usable soil mois-

ture. We express available soil moisture as a percentage of this Gapacity>

zero availability being at the wilting percentage and 100 per cent availability

being at field capacity.

^TMs paper reports investigations formerly conducted under a cooperative agreement

between the Bureaus of Agricultural Engineering and Plant Industry, U. S. Department of

Agriculture, and the Oregon Agricultural Experiment Station, and more recently conducted

under a cooperative agreement between the U. S. Bureau of Plant Industry and the Oregon

Agricultural Experiment Station. Presented for publication as Technical Paper No. 339,

with the approval of the director, as a contribution of the Medford Branch, Oregon Agricul-

tural Experiment Station.

* Assistant Irrigation Engineer, Division of Fruit and Vegetable Crops and Diseases, Bureau

of Plant Industry, U. S. Department of Agriculture, and Associate Irrigation Engineer, Divi-

sion of Irrigation, Soil Conservation Service, U. S. Department of Agriculture. The authors

are greatly indebted to M. R. Lewis, Senior Agricultural Engineer, Soil Conservation Service,

for helpful suggestions in the preparation of this manuscript.

® Work, R. A. Fourth progress report (1935) on pear irrigation investigations. Un-
published.

Work, R. A, First progress report (1937) of orchard soil moisture control. Unpublished.

Allyn, R. B,, and Degman, E. S. Second progress report (1939) of orchard soil moisture

control. Unpublished; .
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CRITERIA OE IRRIGATION NEED

As clear-cut results of the Medford studies accumulated, it became evident

that means were needed of applying them to commercial orchards. Numerous

methods have been advanced for determining in commercial practice when

irrigation should be applied to orchards. Taylor and Furr (21) have suggested

that for citrus on some soils irrigation dates may be best determined by meas-

urements of fruit growth rate, irrigation being applied when the rate begins

to slacken. They cite other soils in which soil moisture samples may prove

the better guide. Magness, Degman, and Furr (14) suggested the use of

fruit growth measurements in determining the need for irrigation in eastern

apple orchards. Veihmeyer and Hendrickson (22) have recommended that

orchards be irrigated at about the wilting percentage or whenever broad-

leafed plants in orchards, by wilting, give evidence of suffering from lack of

soil moisture. They caution growers against delaying irrigation until the

plants actually wilt, particularly if the orchard be large and the irrigation

stream small. Their recommendation has not been applied locally to pear

orchards on clay soils because the trees suffer very seriously for lack of water,

as shown by fruit growth measurements, for days or even weeks before weeds

or trees show any readily visible sign of wilting. This loss in fruit volume is

not regained after irrigation, as has been shown in the case of citrus (21).

Veihmeyer and Hendrickson believe that soil samples, when regularly taken,

give growers reasonably accurate advance knowledge of probable irrigation

dates.

It has also been suggested that pear orchards, if irrigated at regular intervals,

say approximately every 30 days, will produce maximum crops, and the ex-

pense of soil moisture sampling might be avoided. Work (24) showed that

this suggestion is impractical and said:

These results show clearly that the maintenance of soil moisture within the upper half of

the available range [shown to be necessary for satisfactory pear production on the heavy

soil of the Medford Branch Station] requires very different irrigation schedules on different

orchards. The data indicate that because of wide differences in soil depth, soil type, tree size

and vigor, and because of wide variations in evaporating power of the air from month to month
and also from year to year, it is quite impracticable to adopt any uniform irrigation program
either as to date of application of first or last irrigation, intervalbetween irrigations, or number
of irrigations.

... It appears to us, after several years work, that actual determinations of the moisture

content of the soil itself must be carried on if the most efl&cient use of soil, water, and trees is

to be made.

Actual determination of soil moisture in the major part of the root zone [the upper three

feet with pears on heavy clay soil] affords at least four specific and necessary indications for

the conduct of orchard irrigation. First, it indicates exactly how much soil moisture is avail-

able for use by the trees. Second, by periodic sampling at intervals of say a week to ten days,

the orchardist knows how rapidly soil moisture is being lost and can anticipate very closely

the time when soil moisture will be seriously depleted. Third, by taking samples after

irrigation, the orchardist may learn to what depth and in what amount irrigation water pene-
trated and has a measure of the efficiency of his irrigation methods. Fourth, knowing his
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soS Eioisttire coaditioa and LliC' rate at wMcIi moisture is. being lost, tke orcliardist can more

intelHgentiy 'Coordinate .otber orchard operations, such'•as spraying, blight, control, harvest,

etc.,"' with irrigation, and is 'in, a much better po^sition to judge w^hether irrigation, or^some

other equally important orchard operation should have the .right of way.

SHORT-CUT SOIL MOISTURE DETERMINATION '

To determine whether practical irrigation in commercial pear orchards

could be based on detailed soil moisture sampling, an orchard soil moisture

control project was initiated in 1936 at Medford (23, 24). In cooperation

with other public agencies and with pear growers, the program was continued

for 3 years. The total area comprised about 500 acres, on 10 different soil

types, with a wide variation in topography, soil depth, tree size, and irrigation

facilities. The growers found that with soil moisture data furnished at short

intervals they usually could schedule their irrigations so as to maintain highly

available soil moisture without serious interference with other orchard opera-

tions. In many cases inadequate penetration of irrigation water into the

soil was very strikingly shown. The project early demonstrated need for a

quicker, simpler, and less expensive method of soil moisture determination

than that of oven drying. Accordingly, in 1937 a study was initiated to find

a practical method of rapid soil moisture determination.

Any really satisfactory method of soil moisture determination for use in

commercial irrigation practice should meet the following requirements:

It should give satisfactory results when used by an unskilled farm operator, and variation

in the human element should have a minimum effect on the results.

Determinations should require a minimum of time and be made directly in the field.

The apparatus should be light, compact, and rugged, with a minimum of loose parts, and

not sensitive to variations in slope of ground on which it might be placed.

Supplemental calculations required in determining availability of moisture to the crop

should be eliminated or reduced to a minimum.

The method should allow variation in degree of refinement of results, depending on the

need of the grower.

The apparatus should be of low cost to allow its use by the ordinary farmer.

Various short-cut methods of soil moisture determination have been studied.

McCorkle (13) obtained promising results by measuring electricalresistance of

soil between four similar electrodes permanently set in the soil. Variation in

contact resistance was eliminated by setting up simultaneous equations, which

included the resistance measured between the electrodes. A moisture meter

described by Ehrenburg (6) employed direct current resistance measurements

on soil samples carefully tamped into a cup containing electrodes at top and

bottom. Emmert (7) measured the temperature rise of a 1-gm. soil sample

to which 2 cc. of concentrated sulfuric acid had been added, the heat being

developed from the action of the acid on the soil water. The higher the soil

moisture content, the higher the temperature of the reaction that was noted.

Good results with this method depend on accurate weighing and measurement

of the very small samples. Bouyoucos (2, 3) extracted moisture from soil sam-
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pies by treating them with alcohol and then burning the alcohol. Moisture

froiii the soil was partly taken up by the alcohol and removed finally by evap-

oration. Weighing of the soil sample before and after drying is necessary to

obtain the contained moisture. On heavier soils several drying cycles were

found necessary to ensure complete loss of moisture. Bouyoucos and Mick (4)

have reported promising results from resistance measurements on plaster of

paris blocks permanently buried in the soil in such a manner as to reflect the

moisture of the immediately surrounding soil. The details of this method

were not available at the time the availameter investigation was carried out.

Heck (8) and Rogers (18) describe a soil moisture meter consisting of a

water-filled porous clay pot buried in the soil and connected to a manometer or

vacuum gauge. The soil surrounding the pot has an attraction for the water

in the pot, the intensity of which depends on the soil moisture content and is

measured by the vacuum gauge. As the moisture content of the soil later is

increased by rain or irrigation, water is drawn from the soil into the pot and a

corresponding decrease in vacuum is measured on the gauge. The principle

of the tensiometer apparatus developed by Richards and Neal (16) for capil-

lary potential and moisture flow measurements is similar. When correlated

with the moisture content of the surrounding soil, this type of instrument

apparently gives reasonable indication of moisture conditions in the immedi-

ately surrounding soil, as tests by Richards and Lamb (17), and by Staebner

(20) show.

Shaw and Baver (19) have shown that heat conductivity of a given soil is

largely influenced by contained moisture and that a method of measuring such

conductivity apparently can be developed to give a reliable indication of soil

moisture, Edlefsen (5), in a review of the literature on dielectric determination

of moisture in various materials, discussed the application of dielectric measure-

ments to soil moisture determination. J. E. Fletcher, of Soil Conservation

Service, has made a preliminary report of encouraging progress on the dielec-

tric measurement of plaster of paris condensers permanently buried in the

soil for indication of soil moisture conditions.

Early in 1937 the writers experimented on measurements of electrical re-

sistance of soil cores as obtained by the Edng tube, but results were unsatis-

factory, apparently largely because of the difficulty in obtaining a constant

contact condition between the electrodes and the soil. Polarization of the

soil solution at the soil-electrode interface was thought to be a particularly

troublesome factor.

None of these short-cut methods appeared to satisfy all the requirements

for commercial soil moisture determination; consequently a different technique

was developed which will be described in detail.

It is generally observed that the higher the moisture content of soil, the more
plastic and less stable it becomes when subjected to a deforming force. In
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other words, the force necessary to cause a given deformation in soh of a given

compaction increases as the moisture content decreases. This phenomenon

is very marked in clay adobe soils. Stability, or resistance to deformation,

of soil cores was determined by loading a plunger or needle footing of definite

diameter until a predetermined penetration into the soil was obtained. Prom-

ising results were obtained when these stability measurements were correlated

with the moisture contents of the sample cores. It was later found that

Proctor (15) had made use of this soil moisture-plasticity relation in his com-

paction control work on rolled-earth fill construction. He showed that loose

soil when compacted in a small cylinder or cup offered increased resistance to

the penetration of a standardized plasticity needle as the soil moisture was

decreased and suggested that such a method could be used for estimating soil

moisture in earthwork construction once a moisture-plasticity curve had been

prepared. L. H. Mitchell, of the U. S. Bureau of Reclamation, has made use

of the Proctor soil needle in conjunction with a probe to determine the pene-

tration of irrigation water.

Preliminary studies showed that strict control of the rate of load applica-

tion was necessary to ensure satisfactory results, as variations in this rate

resulted in corresponding variations in recorded readings. Several forms of

apparatus were tried before a satisfactory device was found. Since deter-

minations can be interpreted directly in terms of available soil moisture, we

have chosen the name “Soil Moisture Availability Meter” to describe this

instrument and have shortened this to ^^Availameter.” The availameter is

essentially an instrument for measuring the plasticity, stability, or degree of

hardness of a soil sample. The present form of this device requires an undis-

turbed soil core of an approximately uniform |-inch diameter readily obtained

with the King soil tube, using a slightly constricted cutting point.

Description of the availameter

The instrument proper, detailed in figure 1, consists of two opposing pistons,

{A) and (B), with a connecting cylinder (C), to which is connected a pressure

gauge (G). The pressure distributing medium between the two pistons is

S.A.E. No. 10 lubricating oil. Piston A and cylinder C are very finely

ground and fitted to a minimum clearance for free action so as to be sensitive

to a very slight change of pressure. The loading piston (B) has an end area

approximately 0.4 that of A and operates through a leather packing gland.

A negligible leakage of oil occurs from the large nonpacked piston (yl), suf-

ficient for lubrication of the sliding surface and the loose felt collar packing

(B) which prevents entrance of dust and grit. Recharging, if necessary, is

accomplished by removing piston B and adding the oil through the cylinder.

The two plungers or needles (£) attached to the large piston each have a

diameter of 0.160 inch and other dimensions as shown. This form has been

tentatively adopted as standard. Stainless steel has proved most satisfactory,

since brass or bronze wears badly and ordinary steel may rust.
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The sample holder, also detailed in figure 1, cast from an aluminum aloy,

grips the soil core, shears off the excess material at either end with a slight

lateral compressive action and restrains it under the action of the needles.

Two small portions of the soil core are exposed to the action of the needles

through the two small openings or ports shown in the top leaf of the sample

holder. The 2i-inch length of core was adopted as being a satisfactory di-

mension for the various soil conditions found in this locality.

Operation of the amilameter

The term ^^soil stability^ or stability^ as used in this paper is defined as the

resistance in pounds offered by the soil to penetration of the standard needles to

a depth of 020 inch as measured by the availameter. If the moisture content-

stability relationship is known for any particular soil, the stability determina-

tions may be converted into, or readings may be made directly in, terms of

moisture content or available moisture content as desired.

In operation, a soil sample is placed in the sample holder, clamped there,

and the holder dropped into position in the instrument. Sufficient pressure

is slowly applied by gripping the handles (F) with both hands to force the

needles into the soil to a depth of 0.20 inch. The pressure gauge (G) indicates

the fluid pressure behind piston A and since the gauge is calibrated directly

to read pounds of force applied to the needles, the soil stability is read directly

from the dial. The gauge is equipped with a rider pointer which records the

maximum force applied and is reset to zero at the start of each determination.

As the shoulder is 0.25 inch from the point, the 0.20 inch depth of penetra-

tion of the needles into the soil can be judged with sufificient accuracy by noting

the position of the shoulder with respect to the soil core. The proper rate of

movement of the needles into the soil core is that which results in the desired

penetration with the lowest loading pressure. A few practice trials will enable

the operator to get the ^ffeel” of the action so that a minimum reading is ob-

tained at each determination. Two seconds is about the proper interval in

which to effect needle penetration. By watching the action and position of

the needles and catching the pointer on the gauge dial “out of the corner of

the eye,’’ one will find that the ultimate reading will be nearly reached before

the penetration is appreciable and that the needles will then move into the

soil with only very slight pressure increase. A quick thrust is improper, as

it will cause a greater loading than is necessary. By developing the habit of

watching the gauge dial as well as the advance of the needle footings, the

operator can detect hidden gravel or sand particles by the increasing force

necessary to advance the needles. Such a sample should be turned over in

the holder and tried again. The holder cam {H) with connecting handle (I)

keeps the sample holder in place (fig. 1) and is also used to extract the needles

from hard dry samples. With moist samples, the return of piston A and ex-

traction of needles is accomplished by placing thumbs on buttons J and re-

turning handles F to starting position. With drier samples there is a possi-

bility of air being drawn past piston A if the holder cam is not used.
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orchard' 'SOIL SAMPLING ROR AVAILAMETER MOISTURE DETERMINATION

With the soils so far tested in the Medford area, having moisture contents

within the available range, very little difficulty has been experienced in ob-

taining soil cores in a satisfactory condition for use in the instrument* It

should be emphasized that thus far determination of moisture-stability rela-

tionships has been largely confined to medium to heavy soil types which have

given cohesive cores at all moisture contents. It seems likely, however, that

moisture (stability) determination of light to very light soils may be made

satisfactorily only within the moisture range where cohesive cores can be ob-

tained with the soil tube. Some trouble may also be experienced with the

present form of apparatus on soils containing more than small amounts of

coarse sand and gravel.

In the soil moisture work on commercial orchards at Medford, at least five

sampling locations were usually selected, uniformly distributed in each orchard

block of 10 to 15 acres. Each location represented a different distance out

from the tree within the root zone and a different area of the orchard. A
greater number would have been desirable if additional sampling time had

been available. Where soil lacks uniformity, sufficiently reliable average

moisture content may not result from averaging samples from only five

locations.

SOIL STABILITY AS A DIRECT MEASURE OF SOIL MOISTURE AND MOISTURE

AVAILABILITY

Work with the availameter was started with the aim of finding a satisfactory

method of estimating the soil moisture content. As the study progressed, it

was found that stability determinations could be readily interpreted directly

in terms of the availability of moisture to crops. Though knowledge of actual

moisture content is essential for a quantitative study of irrigation problems,

data on availability alone are reasonably satisfactory for routine irrigation

of crops.

Irrigation water normally should be applied whenever the available moisture

in any part of the root zone has been depleted to the point where crop growth

is impaired. To one planning soil moisture sampling as a guide to irrigation

needs, determination of this soil moisture condition is of primary interest. In

our studies, pear trees on clay soils have shown important reduction in re-

sponses, including size and yield of fruit, when the average available moisture

content of the major part of the rooting zone has been reduced below about the

midpoint of the available range. This soil moisture condition in these soils

corresponds consistently to a soil stability of around 12 to 15 pounds.

Recent studies by Lewis (12) indicate that a given rate of capillary moisture

movement toward the absorbing roots can be maintained only as long as a
sufficiently high capillary moisture gradient is available. As moisture in

the soil is extracted, the steepness of the gradient eventually may become
definitely limited, and an average soil moisture condition is reached where
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moisture is no longer available at a rate sufficient to maintain maximum crop

growth. Such an average soil moisture content may be thought of as the

point of stress, or “stress point,” defined by Lewis (11). The point at which

stress occurs varies widely, particularly in the heavy soils, with variation in

weather. On hot, dry, windy days transpiration is greater than during cool

weather, and consequently higher rates of capillary moisture movement are

necessary. Practically, however, the stress point can be regarded as a more

or less definite average soil moisture condition under usual or average weather

conditions.

This stress point is held by workers in other localities to be lower in the

available range than has been shown to be the case with the heavy Medford

soils. Most growers recognize, however, that such a stress condition exists,

and having once determined or estimated the corresponding stability for their

particular soils, they will find that the availameter can serve as an excellent

indicator of moisture needs of crops without calibration to actual moisture

content. Furthermore, stability measurement offers a rapid and easily under-

stood means of following rates of moisture withdrawal and determining mois-

ture penetration ^

.

Soil moisture conditions in a Medford pear orchard during the 1939 season

are shown in figure 2. The usable soil is 3 to 4 feet deep. Available soil
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moisturCj plotted in the upper set of curves, was determined by the standard

oven-drying method. Each plotted point is the average of samples obtained

at 10 locations uniformly distributed through the orchard. As each sample

was taken, its stability was determined by the availameter, and the average

stability value of the 10 samples was plotted in the lower curves. Conse-

quently, identical soil moisture conditions are shown in each chart, with the

difference that units of available soil moisture were used in the upper and

units of soil stability in the lower. In this orchard the soil stability at field

capacity had previously been determined as 3,1, 4.1, and 5.5 pounds for 0-1-,

1-2-, and 2-3-foot depths, respectively. Stability corresponding to the wilting

percentage for these depths was 44, 47, and 47 pounds, respectively. Thus

the available range was established for each depth and these ranges are indi-

cated on the chart, i.e., between 3.1 and 44 pounds for the 0-1-foot level, etc.

Many observations of fruit growth rate in this orchard have shown that average

soil moisture in the root zone must be maintained above 50 per cent available

capacity for satisfactory yields. This soil has a stability of 10.7, 13.0, and

15,0 pounds at the mid-range of available moisture in the 0-1-, 1-2-, and 2-3-

foot levels. A mean stability value of approximately 13 pounds for the 0-3-

foot average appears, therefore, to be a practical criterion of need for soil

moisture replenishment. A soil stability of 4 pounds closely represents field

capacity throughout the upper 3 feet of this orchard, and 45 pounds corresponds

to the wilting percentage.

A comparison of the two charts in figure 2 will show the general similarity

of the two types of curves. Poor moisture penetration into the 2-3-foot level

following each irrigation and the trend of moisture withdrawal can be as easily

determined in terms of soil stability as in available moisture.

The shape of the soil stability curves, with increasing curvature downward,

in spite of the decreasing rate of moisture withdrawal shown by the available

moisture curves, is easily explained. Soil stability increases logarithmically

as moisture is withdrawn from the soil, and therefore the two types of measure-

ment cannot be parallel. If, instead of the uniform scale shown, a logarithmic

scale is used in plotting the stability measurements in the soil stability curves,

these will be very similar in shape to the soil moisture curves in the upper chart.

It wil also be noted that the curves for the different soil depths do not

occupy the same relative positions in the two charts. This is due to the

plotting of the upper set of curves in percentage available moisture for each

foot on a uniform scale in spite of the fact that each soil depth has a somewhat
different available range. If these upper curves had been plotted on a moisture

percentage basis, they would occupy almost exactly the same relative positions

as they do in the lower set. The available moisture range would then be
shown for each foot depth in a way similar to that shown for the stability

curves.

Using stability measurements only, the grower can establish the available

moisture range for his particular soil without resorting to expensive laboratory
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techniques. Soil at field capacity can usually be found, at least in the upper

foot, following a good irrigation and after the excess moisture has drained

away. The soil stability can then be easily measured with the availameter,

A stability value ranging from 2 to 5 pounds, depending on the soil tjpe^ wil

usually be found. If, following irrigation, soil samples from lower depths

have stability values materially higher than this, the indication is that penetra-

tion was poor, that additional moisture could have been stored in the soil by
irrigation, and that improved soil management or irrigation practice may be

in order. The grower can approximate the lower limit of available moisture

or the wilting percentage of his soil in terms of stability by measuring the soil

stability in an adjacent field or fence comer where weeds, plants, or trees have

permanently wilted because of lack of available moisture. A small patch of

sunflowers might be planted for this purpose. A stability of approximately

45 pounds has usually been found to correspond to the wilting percentage of

the heavy clay soils in the Medford locality.

The available moisture or stability range of the soil, which may be between

about 3 and 45 pounds for a heavy clay, or between about 5 and 60 pounds for

a medium-textured soil, once determined, should remain constant. Stability

measurements between these two extremes will form a basis for judging the

need for moisture replenishment. The point of plant stress may be a matter of

judgment with the irrigator unless he can obtain specific recommendations

for his particular soil, but he can be sure that the soil stability should not be

allowed closely to approach the value corresponding to the wilting percentage.

With pears on heavy clay soils he should not allow stability to exceed 12 to IS

pounds if he is interested in maximum sizes and yields. Once this stress point

has been determined, either by experiment or by individual grower observa-

tion, a criterion on which to base irrigation practice is established. A few

quick determinations on samples drawn from the important zones of the

rooting system at periodic intervals will give an average soil stability figure

which may be used in maintaining a simple chart similar to that of figure 2.

Dates of impending soil moisture deficiencies can be accurately forecast from

such a chart at least several days in advance, thus enabling better coordination

of other orchard operations with irrigation. Such a graphic record is valuable

in picturing soil moisture conditions in each of the root zone levels and gives

the irrigator a guide toward more efficient irrigation practice.

Methods of calibrating and using the availameter for quantitative studies

of soil moisture and irrigation practice have been worked out, and these to-

gether with basic data will be presented in the second part of this paper in

an early issue of Soil Science,

. SUMMAHY.

Orchard irrigation studies at Medford have shown knowledge of soil moisture

conditions to be important in the tiniing of irrigation. A device called the

^^availameter” has been developed for use by orchardists and others in making
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direct field soil moisture determinations without expensive laboratory equip-

ment. This instrument measures the plasticity or stability of a soil core ob-

tained with the soil tube. A close relationship between this measurement and

the corresponding moisture content has been found.

The use of soil stability measurement as a direct measure of available soil

moisture is shown. A simple method of determining the available soil mois-

ture range and soil moisture available to plant use at any time is also presented.

The avaiiameter was not tried on light soils, but it is not considered adaptable

to soils which fail to give cohesive soil tube cores; therefore, its use may be

limited to medium or heavy soil types.
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In the general introduction to this series of papers (2), it was observed that

our knowledge of the fate of individual organic phosphorus compounds intro-

duced into soil is very deficient. It was felt that information of this kind

would throw more light on the nature and significance of the organic phos-

phorus existing in soil than is afforded by results observed in cultures from

which soil is absent. Experiments have therefore been designed with the

object of tracing by chemical means the decomposition of nucleic acid com-

pounds and phytin in the medium of the soil itself. The assumption under-

lying this work is that the dephosphorylation of an organic phosphorus

compound produces a corresponding increase in the soluble phosphate of the

soil. Since this approach to the problem seems to be in some respects a new

departure in soil chemistry, the individual experiments are fully described in

the following section.

EXPEKIMENTAL

Preliminary tests showed that soils treated with nucleic acid or phytin

could not be dried by heat without producing a large increase in the soluble

phosphate content. Consequently ah analyses have been made on extracts

of air-dried samples and are expressed on the moisture-free basis.

The general procedure followed was to incubate phosphorus compounds

with 50-gm. portions of soil in loosely covered glass tumblers, which were

stored in a dark room at 23®C. ± l^C. The phosphatic material was ground

up with a few grams of soO., and this intimate mixture was thoroughly incor-

porated with the remainder of the soil sample. Water was added to the cul-

tures to provide a moisture content approaching the field moisture capacity,

and more was added occasionally to replace that lost by evaporation. From
time to time samples were withdrawn, air-dried, and analyzed for soluble

phosphate.

^Contribution from the Faculty of Agriculture, McGill University, Macdonald College,

Quebec, Canada. Macdonald College Journal Series No. 151. Taken in part from a thesis

by W. J. Dyer presented in partial fulfilment of the requirements for the degree of doctor of

philosophy.

2 Research Assistant and Assistant Professor of Chemistry respectively.
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First decomposition experiment

As a preliminary trial, ribonucleic acid (Eastman), ^^nucleotide” material

separated without the use of oxalate from Ste. Clothilde muck soil, and pure

Ca(H2P04)2-H20 were incubated with portions of Ste. Clothilde muck soE.

Samples were taken on mixing and after 45 days of incubation. Soluble

phosphate was determined by photoelectric colorimetry in two successive

extracts made with dilute sulfuric acid at pH 3.0 (6). The results obtained

are summarized in table 1.

The apparent percentage decomposition was calculated from the increase

In soluble phosphate, corrected for the relatively small decrease observed in

the untreated sample. These decomposition figures are not accurate, since

complete recovery of added inorganic phosphate was not obtained. It is

evident, however, that the nucleic acid was decomposed to a large extent,

whereas the soE product was relatively stable.

TABLE 1

Rdease of organic phosphorus in muck soil cultures

MATESlAZf ADDED P ADDED
SOLUBLE P

ADPASENT

At start After 45 days
DECOMPOSITION

m$m. mgm. mgm. per cent

None, 0 3.54 2.55 0.0

Nucleic acid. 248 4.43 161.20 63.8

SoE ‘‘nucleotide” IGO 5.90 11.35 6.5

Ca(H2p04)2*H20....... 200 142.60 113.00 -14.7*
r

* Tlie recoveiy of added pbosphate was 70 per cent at the start and 55 per cent after 45

days.

Second decomposition experiment

In view of the evidence that part of the organic phosphorus of soE consists

of nucleic acid derivatives, it was thought possible that the individual nucleo-

tides would show marked differences in stabEity when incubated with soE.

Accordingly, the four nucleotides of ribonucleic acid were prepared by the

method of Levene and Bass (4), and their decomposition in soE was studied.

The soE used in this experiment was Macdonald College loam, a slightly

calcareous fertEe soE that is relatively poor in organic phosphorus. The
individual cultures contained the Mowing added materials: 1. None; 2. Ribo-

nucleic acid; 3. Soil “nucleotide^’, the same product as was used in the previous

experiment; 4. Guanylic acid; 5. Adenylic acid; 6. Cytidylic acid; 7. Ca-
uridyiate; 8. Ca(H2P04)2*H20; 9. Manure; 10. None. The detaEs of the

experimental procedure were the same as those in the first experiment. In
table 2 the results are expressed in terms of the percentage release of added
organic phosphorus observed after periods of 1 to 12 weeks. The manner in

which these results were calculated wEl be evident from table 3, in which a
complete set of extraction data is recorded.
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Nucleic acid and the nucleotides were rapidly dephosphorylated, at least

70-80 per cent of their phosphorus being released within 1 week of incubation.

There seems to be no significant difference between the nucleotides in' this

regard. The soil product again showed a high degree of stability. The organic

phosphorus of manure was released slowly, but apparently progressively.

TABLE 2

Release of soluble inorganic phosphorus, expressed as per cent of the organic phosphorus added

TREATMENT CULTUEE
NUMBEE

SOITOXE INOEGANIC P

1 week 2 weeks 4 weeks 9 weeks 12 weeks

Yeast nucleic acid 2 80.26 88.66 67.36

Soil nucleotide 3 6.92 5.87 7.63 6.32

Guanylic acid. 4 69.25 65.95 44.61

Adenylic acid 5 68.80 69.75 50.84.

Cytidylic acid. 6 73.82 72.00 46.96

Ca-uridylate 7 80.95 77.45 63.50

Manure 9 11.50 35.95

Inorganic phosphate’®' 8 85.12 80.72 68.00

* Figures in tMs row show recovery of inorganic phosphate added.

TABLES
Detailed residts of extraction with OA N H^Oa

Weights per 100 gm. of soil

TREATMENT CULTURE
NUMBER

RHOS-
.RHATE
EX-

TRACTED

INCREASE
OVER

NIL (A)

inorganic
F ADDED

(B)

ORGANIC
P RECOV-
ERED AS
INORGANIC
(A-B)

ORGANIC
P ADDED

RECOVERY
OR

ORGANIC
P ADDED

None. t

mim, F

76.0

mgm,F mgm. mgm. mgm.

.....

percent

Yeast nucleic acid
"2'' '

139.2 63.2 0 63.2

Soil nucleotide 3 90.8 14.8 1.56 i

, 13.2 48.44 27.3

Guanylic acid.
'

, 4
,

1 123.1 47.1 12.20 I 34.9 37.8 92.4

Adenylic acid 5 i 130.7 54.7 48.1 43.4

Cytidylic acid. 6 , 129.8 53.8 15.10 38.7 34.9 110.9

Ca-uridylate. 7 124.7 48.7 2.78 45.9 47.22 97.3

Inorganic phosphate* . . .

.

8 125.8 49.8 -0.2

* Figures in this row show recovery of inorganic phosphate added.

in contrast to the other materials. The significance of this behavior is ob-

scure, as the identity of the phosphorus compounds in manure is unknown.

The recovery of added inorganic phosphorus was incomplete, and decreased

from 85 per cent after 1 week to less than 70 per cent after 12 weeks. This

could be due to reversion of the inorganic phosphate to less soluble forms, or

to conversion into organic forms through assimilation and synthesis by micro-

organisms. The latter process has been observed by Stoklasa (5) and termed
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‘biological absorption of phosphorus.” If the decrease was due to reversion,

it should be possible to recover the inorganic phosphate by extraction with a

stronger acid. Accordingly, samples taken after 12 weeks were extracted

twice with 0.4 N H2SO4 solution, instead of with the dilute solution previously

used. The results are given in table 3.

TABLE 4

Decomposition of organic phosphorus in two soil types

Weigiits per 100 gm. of soil

TSEATMENT
SOLUBLE PHOSPHATE

APPARENT DECOMPOSI-
TION OP

ORGANIC P ADDED

0 weeks 1 week 3 weeks 1 week 3 weeks

mgm.P mgm.P mgm. P per cent per cent

Macdonald College soil:

1. Nil 77.57 79.

U

77.40 0.0 0.0

2. Nucleic acid 81.08 112.74 115.20 58.98 68.58

3. SoE product 78.85 78.26 78.40 -5.52 -0.56

Podzol soil:

4. Nil 12.17 12.20 11.86 0.0 0.0

5. Nucleic acid. 12.26 15.64 17.03 6.70 10.16

6. Soil product 12.38 12.51 12.21
1

0.20 0.28

TABLE 5

Decomposition of phytin in soil cultures

Weights per 100 gm. of soil

TREATMENT
PHOSPHATE EXTRACTED

APPARENT DECOMPOSI-
TION OP

ORGANIC P ADDED

0 weeks 2 weeks 8 weeks 2 weeks 8 weeks

mgm.P mgm. P mgm. P percent per cent

Macdonald College soil:

Nil 77.5 73.1 75.1

Phytin. 78.1 74.3 101.9 1.2 50.4

Podzol soE:

NE ... 14.1 12.9 14.5

Phytin. 13.7 13.9 16.8 2.8 5.4

The recovery of added inorganic phosphate was virtually complete. This

shows that the net synthesis of organic phosphorus compounds was negligible.

It appears that almost all the phosphorus of nucleic acid and the nucleotides

was released as inorganic phosphate, although there are unaccountable varia-

tions in the results. The decomposition of the soil product still is seen to

be relatively small.
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Third decomposition experiment

The soil product prepared by the oxalate procedure (7) and ribonucleic

acid were incubated with two soils, Macdonald College loam and a podzol from

the Eastern Townships of Quebec, classified as Sherbrooke sandy loam. The
details of procedure were the same as in the previous experiments, but 0.4 N
H2SO4 was used as the extractant. The results are given in table 4 .

The dephosphorylation of nucleic acid proceeded vigorously in the Mac-
donald College soil, but relatively slowly in the podzol. The soil product

appeared to be virtually unaffected in both soils.

Fourth decomposition experiment

Phytin, prepared from bran by the method of Boutwell (1), was incubated

with the Macdonald College and podzol soils. The results are shown in table 5.

Compared with nucleic acid, phytin was relatively stable in both soils. De-

composition was very slow in the podzol, but 50 per cent of the phytin phos-

phorus was released within 8 weeks in the Macdonald College soil.

DISCUSSION

A method has been devised by which it is possible to trace the dephosphoryla-

tion of organic phosphorus compounds directly in the soil. The experiments

so far performed have been of a tentative and exploratory nature, and it is

not intended to attach strict quantitative significance to them. Certain rela-

tionships, however, are immediately evident.

The organic phosphorus preparations derived from soil are seen to be highly

resistant to dephosphorylation by the soil microorganisms. Also there is

evidence that inorganic phosphate added to soil is not rapidly built up into

organic compounds but remains as inorganic phosphate. These results make

it clear that the organic phosphorus of the soil represents an accumulation of

stable forms and not a labile fraction maintained by synthetic activities. It

appears to be the inactive end product of soil processes and hence relatively

unavailable to both plants and microorganisms. This view does not preclude

the likelihood that a small part of the organic phosphorus, such as that present

in the tissue of microorganisms or recently added to the soil, is actively metabo-

lized and readily available.

Ribonucleic acid and the four ribonucleotides, in contrast to the soil product,

were rapidly dephosphorylated in soil. Two soils, however, differed widely

in their power to decompose nucleic acid. The results which have been ob-

tained do not show conclusively whether or not nucleic acids are completely

broken down. The possibility exists that enzyme-stable residues are produced

which contribute to the accumulation of organic phosphorus.

Phytin is relatively resistant to decomposition in soil, which indicates that

it may be expected to accumulate as such under suitable soil conditions.

Inositol phosphates other than phytin are undoubtedly formed during the
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dephospliorylation of phytiiij but at the moment there is no evidence to indi-

cate whether these are more or less resistant than phytin itself .

The organic phosphorus of manure resembles phytin in its rate of dephos-

phorylation in soil cultures.

GENERAL DISCUSSION AND SUMMARY

In the introduction to this series of papers an attempt was made to define

the state of knowledge concerning the organic phosphorus in soils and to

indicate the principal problems awaiting solution. The investigations which

have been reported throw some new light on these problems and warrant a

further statement in definition of the nature and significance of organic phos-

phorus in soils.

The organic phosphorus occurring in soil represents an accumulation of

compounds which for one reason or another are resistant to further decomposi-

tion. Because of this the organic phosphorus is a relatively unavailable

fraction of the soil phosphorus. Its stability, however, like that of the soil

organic matter as a whole, is to be regarded as relative rather than absolute,

and doubtless it gradually becomes available through decomposition. Soil

conditions influence the degree of accumulation to a considerable extent.

Infertile, acid soils usually contain a high proportion of organic phosphorus,

whereas neutral and calcareous soils have much less. The liming of acid soils

might be expected to hasten the decomposition and so improve the phosphate

status.

Phytin is one of the compounds that accumulate in soil. In acid soils it

may enter into insoluble combination with sesquioxide constituents, in which

form it is resistant to enzymatic hydrolysis. In neutral and calcareous soils

it is probably more subject to decomposition, although still relatively re-

sistant.

The partial dephosphorylation of phytin produces other phosphoric esters

of inositol. There is no evidence regarding the relative stability of these

compounds in the soil, but it is possible that they account for a significant

proportion of the organic phosphorus, as Yoshida’s results (8) seem to indicate.

Nucleic acids have long been believed to make up a considerable proportion

of the organic phosphorus in soils. It cannot be decided from the available

evidence, however, whether or not this is actually so, although it remains

highly probable. There is no doubt that nucleic acid derivatives are usually

present in the preparations obtained from soils, but proof that these are com-
bined with phosphorus is lacking. The purine constituents in the soil prepara-

tions are more difficult to release by acid hydrolysis than are the purines of

ribonucleic acid. Moreover, ordinary ribonucleotides are readily dephos-

phorylated in soil cultures. If the nucleic acid derivatives in the soil prepara-

tions are nucleotides, therefore, their constitution must be different from that

of ordinary nucleotides. Ribonucleic acid itself is readily dephosphorylated
in soil cultures, but that it is completely broken down is not certain. The
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observation of GuUand and Jackson (3), that 25 per cent of the phosphorus of

ribonucleic acid is resistant to release by esterases, suggests the possibility

that a nucleotidelike residue might accumulate in soil. Such a residue might

be expected to remain after the partial decomposition of nucleic acid in organic

materials added to the soil. Also, the protoplasm of microorganisms is rich

in nucleic acids, which may be only partially broken down after the death of

the organism. Each generation of the continuous succession of microorganisms

living in the soil might thus make its contribution to a nucleotidelike residue,

providing for a gradual accumulation of this form of organic phosphorus.

No one has yet been successful in identifying nearly all the organic phos-

phorus in any soil. The possibility exists, therefore, that other phosphorus

compounds, not yet identified, are commonly present in soils, as Yoshida (8)

was led to believe. The possibilities in this regard seem to be rather limited,

however, unless it is postulated that a hitherto unknown type of phosphorus

compound exists in soils. Lipoid phosphorus is present in the merest traces;

sugar- and glycerol-phosphates are readily hydrolyzed by the nonspecific

esterases which attack nucleotides; and the phosphorus of t^ypical phospho-

proteins, unlike the organic phosphorus of soils, is released by very mild alka-

line hydrolysis. There is, therefore, some reason for thinking that virtually

all the organic phosphorus of soil may be accounted for by the classes of com-

pounds already designated; namely, phytin, inositol phosphates, and nucleo-

tidelike substances.
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The autotrophic, sulfur-oxidizing bacterium, Thiobacillus thiooxidans,

presents many physiological problems, but none is more pertinent than a

knowledge of the nature of the ^^mechanism by which insoluble elementary

sulfur outside the cell is rendered soluble and can thus difuse into the interior

of the ceir^ (3). Since it is probable that a cell can derive energy from oxida-

tions carried on only within its boundaries, and since, to enter into a ceU,

oxidizable materials must be soluble, the means by which sulfur oxidation

might be achieved have remained matters for speculation.

The review of Bunker (3) makes extensive reference to the literature un-

necessary. Suffice it to say that there are three hypotheses which seek to

explain the ability of Tk thiooxidans to oxidize insoluble sulfur. These are:

1. The organism reduces the sulfur to hydrogen sulfide, which enters the cell and is reoxi-

dized to sulfuric acid (2, p. 197 fi.; 7).

2. The sulfur is oxidized to soluble thionic acids by means of extracellular enzymes (2,

p. 197 ff.; 3).

3. The sulfur is “hydrated” to soluble sulfur hydrates which can then enter the cell, A
somewhat similar concept is that sulfur is soluble enough (or that its vapor pressure is

high enough) for the organism’s need (2, p. 197 fi.; 7).

All these hypotheses assume that the sulfur must be rendered soluble in the

medium and disagree only as to the method by which it is converted into solu-

ble materials. The evidence presented in this paper shows that it is not neces-

sary for the sulfur to dissolve in the medium, but rather that the bacteria

must be in direct contact with the sulfur particle before oxidation takes place.

METHODS

The medium employed was that of Waksman (5), with slight modifications.

The base medium (NH4CI, 0.3 gm.; iGB[2P04, 3.0 gm.; CaGls? 0.25 gm.
;
MgS04,

0.5 gm.; FeS04 , 0.01 gm.; to 1000 ml. with distilled water; initial pH adjusted

to 4.8-5 .0) was autoclaved 1 hour at 15 pounds steam pressure. Sulfur was

sterilized separately by heating in boiling water for 3 hours and added to the

^ This work was supported in part by the Wisconsin Alumni Research Foundation. A
brief summary was presented before the Society of American Bacteriologists, St. Louis,

December, 1940.
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sterile medium under aseptic conditions. The autoclaved medium maintains

a more favorable pH for a longer time than does a comparable steamed me-

dium. Uninoculated controls may be kept for at least 4 weeks without change

in sulfate content. The pH was determined with a glass electrode. Sulfate

was determined by a turbidiometric method, which consists of precipitating

1 ml of the sample with 1 ml. of 10 per cent BaCl2 in 0,1 iV HCl and diluting

the precipitate to 10 ml. with distilled water. Turbidity was measured with

an Evelyn photoelectric colorimeter. By employing a large excess of barium

chloride a precipitate of fine particles is obtained which gives reproducible

turbidity. The method may be used over the range of 100 to 2,000 micro-

grams of sulfate-sulfur per milliliter with a precision of zt 10 micrograms.

The organism used was a pure culture of Thiobacillus thiooxidans, Waksman

and Joffe,2 It was maintained on both liquid and solid media and checked

for purity before use.

ORIGIN OF THE HYPOTHESIS OF DIRECT CONTACT

Among the controlling factors in the growth of Th. thiooxidans noted in the

literature are oxygen and carbon dioxide. With respect to oxygen, two points

have been particularly emphasized: First, if during sterilization of the medium,

the sulfur should melt and settle to the bottom, sulfate formation is markedly

decreased. Second, if equal quantities of sulfur and medium are placed in

containers of different diameter, the rate of sulfate formation is greatest in the

containers having the greatest diameter. Both of these effects have been

interpreted as an alteration in the oxygen exchange (3, 4, 8). It was therefore

thought possible to increase the growth rate by increasing the oxygen tension

and by providing additional carbon dioxide; or, failing that, at least to decrease

the rate of growth by decreasing the oxygen pressure. Results of experiments

employing 10, 20, and 30 per cent oxygen and 0.01 to 10 per cent carbon di-

oxide are illustrated in figure 1. The data were obtained from cultures in

large test tubes prepared under sterile conditions and inoculated with a pure

culture of Tk thiooxidans. These tubes were placed in 2-liter flint glass

bottles fitted with gas-tight stoppers. The gas mixture in each bottle was
prepared by evacuation and by addition of the requisite quantity of the

desired gas. In those cases where the total gases did not equal one atmosphere

(10 per cent oxygen series) the remaining space was filled with pure hydrogen.

Samples of the culture medium were removed periodically for analysis and the

gases were replaced at each analysis.

In the data shown in figure 1, a small amount of variation is evident, but
that variation bears no consistent relation to either oxygen or carbon dioxide

pressure. Significantly, the oxygen can be decreased to half its value in air

without detectable influence upon the rate of sulfate formation. This is

not to say that oxygen and carbon dioxide have no effect upon sulfate forma-

® Obtained from S. A. Waksman, to whom we are indebted for this favor.
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tioiij since that is a matter for further study; but the experiments do illustrate

that Th. thiooxidans is not sensitive to slight changes in oxygen tension, as

had been supposed from previous experiments.

It seemed probable that throughout the experiments described there was

some factor which remained constant and which was the controlling factor in

sulfate formation. This factor could not be oxygen or carbon dioxide, since

these were varied. However, in these experiments the sulfur-medium in-

terface remained constant throughout the treatments, whereas in experiments

employing different types of containers that interface had varied. The con-

stancy of the results in our experiments and the relationship to diameter of

Fig. 1. Influence of Oxygen and Carbon Dioxide Tension upon the Rate of Sulfate

Formation by Pure Cultures of Thiobacillus thiooxidans

container in the experiments of others could be explained if the controHing

factor were the sulfur-medium interface rather than the oxygen or carbon

dioxide relationships. Since the area of contact between sulfur and medium

would have little influence upon the solubility of sulfur or upon its availability

for external enzymatic activity, it appeared as though the bacteria were in

direct contact with the sulfur particle. This concept would explain many of

the results recorded in the literature. The older conceptions, which regarded

the sulfur as being transformed into products soluble in the medium, could be

replaced by the hypothesis that: Th. thiooxidans must be in direct physical

contact with the sulfur particle before sulfur oxidation can take place. It is

neither necessary nor probable that the organism is able to render sulfur soluble

in the medium. hypothesis implies that there is a certain amount of

orientation of the bacteria at the surface of the sulfur particle and regards the
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direct contact of the ceil and the sulfur as a reflection of at least two possi-

bilities, either that the sulfur is oxidized at the cell surface, or that it is dis-

solved in some constituent of the cell membrane before oxidation. This paper

is concerned with the proof that direct contact between bacteria and sulfur

is a necessary part of the means by which sulfur is oxidized but makes no at-

tempt to explain the mechanism of sulfur oxidation beyond this point.

PROOE OF THE DIRECT CONTACT HYPOTHESIS

The correctness of the hypothesis may be tested in several ways. Five

methods of approach are briefly recorded in the following paragraphs. In-

dividually, they are explainable by the necessity for direct contact. Taken as

a whole, we are able to find no other theory which will satisfactorily explain

the experimental results.

Collodion sac experiments

One could confine either the bacteria or the sulfur within collodion sacs and

thus prevent direct contact. Collodion sacs containing sulfur were suspended

at the surface of the base medium and sterilized in flowing steam for 1 hour on

3 successive days. In some cases the sacs were empty and the sulfur was

placed on the surface of the medium. Even after months of incubation there

was no sulfate formation when the inoculum (1 ml. of an active culture of

Th. thiooxidans) was placed on the opposite side of the collodion sac from the

sulfur, yet active growth and sulfate formation took place within a week

when the inoculum and sulfur were placed in direct contact. Similar experi-

ments were made, using standardized cellophane dialyzing membranes, with

the same results. It was only when the sulfur and the bacteria could be in

direct contact that sulfate formation took place.

Influence of alteration in sulfur-medium interface

Another test of the direct contact hypothesis is the alteration of the sulfur-

medium interface without change of any of the other conditions of growth.

If this interface were altered there should be more room for bacteria-sulfur

contact, and more cells could develop, with a consequent increase in rate of

sulfate formation. Experimentally, two large porcelain-enameled trays were

employed, each containing 1 liter of medium. This medium was autoclaved

in 2-liter quantities, cooled, inoculated with 2 ml. of an active culture of

Th thiooxidans] and divided equally between the two trays. To each tray

was added 2,5 gm. of sterile powdered sulfur. In one, it was spread over the

entire surface of 1080 sq. cm.; in the other, it was confined to an area of about
56 sq. cm. by means of a glass ting suspended at the surface of the medium.
Sulfate was determined periodically. In this experiment the surface of the
medium exposed to air, its amount, the depth, the quantity of sulfur, the
oxygen availability, and similar factors were constant. The only difference

was in the area of the sulfur-medium contact . As illustrated in figure 2, the
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tray having the greatest sulfur-medium contact shows the greatest rate of

sulfate formation. Experiments employing the same principles with the

additional variation of oxygen tension show differences (fig. 2) which were

correlated with the area of the surface contact and not with the oxygen content.

Fig. 2. Inpluence or Sulfue-Mebium Contact upon Sulfate Formation by
ThiolaciUus thiooxidans

Microscopic observations

If direct contact between sulfur and bacteria is necessary for sulfur oxidation,

such contact should be visible with the microscope. Indeed, Waksman (8)

has noted that a particle of sulfur from a growing culture of Th. thiooxidans

is surrounded by bacteria, and observations of slides prepared from surface

films show the bacteria clustered about the sulfur granules. From these

studies there is considerable evidence of an orientation of the bacteria at the

surface of the sulfur particle. Microscopic counts of growing cultures show
populations ranging from 2 million to IS million per milliliter at the surface

with approximately one-third that number at depths only 1 inch below. At
any point below the surface the population is always markedly less than at

the surface layer. The turbidity noted in the medium results not from growth
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throughout the medium but from organisms settling from the surface or moving

through the medium in search of sulfur particles. Considerably more data

are available from microscopic observations, but those cited provide sufficient

evidence in support of the direct contact concept.

Efect of surface agents

Additions of materials such as groimd glass or charcoal would not be ex-

pected to alter bacteria-sulfur contact if these were submerged, but might

have an effect if they could be kept at the surface. Though Ayyar (1), with

an organism related to, but apparently not identical with, Th. thiooxidans,

has reported marked increases in the rate of sulfur oxidation by such additions,

we are unable to find any marked effect upon Th, thiooxidans. Decreases in

sulfate production have been observed with glass wool and glass beads when

these were not entirely submerged, and increases may sometimes be obtained

if the material tends to buffer the medium at a more favorable pH.

If the surface tension of the medium is altered, either with oils or with

neutral wetting agents (such as aerosol), the rate of sulfate formation is fre-

quently increased. In a medium prepared with 0.001 per cent aerosol, the

sulfur will not remain at the surface but will rapidly settle to the bottom.

At the bottom its rate of oxidation is often greater than at the surface. Min-

eral oil in small quantity has no particular effect, although if added in quantity

(i inch layer over the surface) it may decrease sulfate formation slightly.

Experiments employing wetting agents are not entirely consistent, since the

actual conditions at the sulfur-bacteria interface are difficult to reproduce.

Influence of size of sulfur particle

It would be expected that the smaller the sulfur particle, the greater would

be the surface exposed to the bacteria per unit weight of sulfur and thus the

greater the rate of sulfate formation, other conditions being equal. If one

compares sulfur passing through sieves of 200 mesh per square inch with

droplets of melted sulfur, the powdered form produces 4-5 times as much
sulfate per unit time. Similar results have been reported (6). One would

expect a limit to be reached, however, beyond which further decrease in the

size of the sulfur particle would have no essential effect. Though the total

surface exposed by the sulfur increases rapidly with each division, the surface

available for bacterial contact increases much less rapidly, and conditions of

competition, of actual food supply in the particle, and space considerations

might then become limiting factors. Under the conditions of our experiments

(1 gm. sulfur; 100 ml. base medium; in 250-ml. flasks) there is a progressive

increase in the rate of sulfate formation until a definite point is reached.

Sulfur particles passing through sieves of 20 mesh {or less) square inch

yielded identical rates of sulfate formation, whereas sizes larger than these

gave progressively increasing rates with decrease in particle size.
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SUMMARY AND CONCLUSIONS

On the basis of results reported in this paper it is concluded that Th. thio-

oxidans must be in direct physical contact with the sulfur particle before sulfur

oxidation can take place. It is neither necessary nor probable that the or-

ganism can render sulfur soluble in the medium. The autotrophic Th, thio-

oxidans is shown to be in accord with the generalization that no cell can obtain

energy from oxidations which are not carried out at or within its boundaries.
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The soils of the Punjab plains which do not give a normal crop yield are

generally highly saline or alkaline. The salt present in the soil may, under

certain conditions, accumulate on the surface to such an extent as to render the

soil uncultivable. When the pH value of the soil becomes greater than 8.5,

the yield of crops diminishes markedly. It has been shown elsewhere (10)

that for a normal yield of rice the soluble salts must not exceed 0.24 per cent

and the pH value, 8.8.

It is known that the deterioration of the soils of the Punjab is accompanied

by an increase in the proportion of sodium to calcium in the exchange complex

(15). Besides the major elements such as Na, K, Ca, and Mg, however, there

are others which, although occurring in traces, are known to exercise a profound

influence on crop production. Of these trace elements manganese, boron, and

iron are considered to be most important (2, 6) and are, in fact, essential for

normal growth. The preliminary experiments revealed a qualitative relation-

ship between the fertility and the manganese content of the soil; i.e., poor soils

contained a higher percentage of manganese than did soils of good quality.

Some soils contained as much as 5.6 m.e. of manganese. This observation was

of sufficient interest to justify a more thorough investigation with the object

of discovering other factors that might affect the crop yield on such soils.

As wheat is the major agricultural crop of the province, its yield was taken as

the basis of comparison for purposes of this study. At each of more than 200

sampling sites selected in eight districts of the province, the yield of wheat

during the year was ascertained, and samples of the top and of the second 9

inches of soil were collected. A systematic examination of a number of factors

which might influence the yield of wheat was made. The results of the various

analyses of the soils also were examined statistically to determine whether

any significant correlation existed between the yield figures and some of the

characteristics of soils determined.

The results of the various analyses of the soils and their correlations with

wheat yields are presented in this paper.

EXKERIMENXAL

The soils were analyzed for total soluble salts; pH; exchangeable Na, K,

Ca, and Mg; total manganese; available phosphates; and boron. The total
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nitrogen and iron contents of a few samples were also determined to gather

information on the mutual relationship between manganese and nitrogen or

iron in soils, as it is known that the action of manganese in the plant is linked

with that of nitrogen (13, p. 104), and injury to pineapples has been attributed

to interference by manganese with the iron in the plants (12).

The foUowing is a brief description of the technique adopted for the various

analyses:

The pH values were determined with the glass electrode using a 1:5 soil:

water ratio (5). The manganese was determined by the bismuthate method

(7), The phosphates were extracted from the soils with CO2 (11), and the

Deniges technique as elaborated by Chapman (3) was used to develop color.

The colorimetric comparison was done with a Bolton and Williams photo-

electric colorimeter against colors developed with phosphate solutions of known

strengths. Boron was extracted with hot water and determined colorimetric-

ally with quinalizarin (14). Nitrogen was determined by KjeldahFs method

as modified by Bal (1). Various buffer mixtures were tried for leaching iron

from the soils. Best results were obtained, however, with the buffer solution

containing 1.02 per cent potassium hydrogen phthalate and 0.13 per cent HCL
Total iron was determined in an aliquot of the leachate with thioglycolic add,

and ferric iron was determined in another portion of the leachate with ‘^fferron’’

(18). Exchangeable bases and total soluble salts were determined by the

usual methods.

In figures l-ll, the results of various analyses have been plotted separately

for the top and the second 9-inch soil samples against the yield of wheat (ex-

pressed in maunds, each of which is equivalent to 82 pounds, per acre). In

figure 12, the manganese contents of soils have been plotted against the ni-

trogen contents.

Statistical treatment of analytical results

Little work has heretofore been done in the Punjab to correlate the yield

of wheat with the different soil characteristics, especially with the trace ele-

ments present in the soils. At Rothamsted, Fisher (4) has studied the in-

fluence of rainfaU, and Tippett (16), the influence of sunshine on the yield of

wheat. In India, Unaker (17) has worked out the correlation between weather

and crops with special reference to the Punjab wheat, and Kalamkar and co-

workers (8, 9) have investigated the effect of weather and prices on the cotton

acreage and yield per acre in the Bombay Presidency. Most of the investi-

gators, however, treat the yields over a number of years. The present in-

vestigation is different in that it takes individual fields in different districts

and considers the yield of wheat at the time of sampling, i.e., during one year
only. Statistical analyses, the results of which are given in table 1, have been
made for each of six districts separately in order to bring out the extent of

variation of the correlation coefficients for various soil characteristics. The
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Figs. 1-9. Yield of Wheat in Relation to: 1, Manganese Content; 2, Available Phosphate

Content; 3, Soluble Salt Content; 4, pH; 5, Exchangeable Sodium Content; 6, Exchangeable

Potassium Content; 7, Exchangeable Calcium Content; 8, Exchangeable Magnesium Content;

and 9, Boron Content, of (A) the Top and (B) the Second 9-inch Soil Samples
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Fig. 10. Yield of Wheat Fig. 11. Yield of Wheat Fig. 12. JEelaxion be-

in Relation to the Nitro- in Relation to the Total tween the Manganese and

GEN Content of (A) the Iron Content of (A) the the Nitrogen Contents of

Top and (R) the Second Top and (B) the Second (4) the Top and (B) the

9-inch Soil Samples 9-inch Soil Samples Second 9-inch Soil Samples

number of soils, the results of which formed the basis of any particular statis-

tical examination, is indicated in column 3 of table 1.

The following are the notations used in the statistical interpretation of the

analytical results:

Variable 1 = The yield of wheat in maunds per acre.

Variable 2 = Analytical results for the characteristic under consideration, e.g., manganese,

phosphates, pH, etc., for the top 9-inch soil samples only.

Variable s — Analytical results for the characteristic under consideration for the second

9-mch soil samples only.

ri2 ” Total correlation between variables 1 and 2.

fi3 = Total correlation between variables 1 and 3.

fn = Total correlation between variables 2 and 3.

R — Multiple correlation of variable 1 with variables 2 and 3.

An = Per cent variance of yield expressible in terms of variable 2 alone.

4 13 = Percentvarianceof yield expressible in terms of variable 3 alone.

4 = Per cent variance of yield expressible in terms of variables 2 and 3 taken

together.

Discussion of results

Correlation of manganese content of soils and the yield of wheat. All the cor-

relations of manganese content with yield are negative. They vary from
—O.Sl to —0.69 and from —0.38 to —.76 in the top and second 9 inches of

soil respectively. The mean values of the correlations of manganese contents

in the top and second 9-mch soil samples with yield figures are nearly equal,

i.e., about —0.S8. On the average, about one-third of the variation in yield

can he explained in terms of the manganese content of the soils. The multiple

correlation improves significantly the percentage of variation of yield as re-

lated to the manganese content in the districts of Multan, Gujrat, Jhang, and



SOIL FACTORS AND WHEAT YIELD IN PUNJAB 343

TABLE 1

Correlation between wheat yield and certain soil characteristicsfor six of the districts of the Punjab

SOIL CHAEAC-
TEEISTIC

DISTRICT

NUMBER
OR OB-
SERVA-
TIONS

fl2 fl8 R ^12 An A

Manganese Multan 12 .0467 -.5211 -.6733 .8329 19.86 39.86 62.56

Gujranwala 15 .8016* -.6102* -.7564t .7547t 32.41 53.92 49.57

Gujrat 26 .0391 -.5408t -.3804 .6494t 26.30 10.90 37.14

Jhang 28 .4471* -.5803t -.S433t .6613t 31.12 26.81 39.23

Lyallpur 26 .7323* - .6939t -.7374t .7685t 45.99 52.47 55.50

Shahpur 37 .42881 -.5074t -.5291t .6134t 23.63 25.94 33.96

Phosphates Multan 12 .6755* .4502 .6542* .6542 12.30 37.08 30.09

Gujranwala 17 .4410 .5834* .4757 .6321* 29.64 17.47 31.38

Gujrat 25 .5688t ! .7248t .4554* .7266t 50.47 17.29 48.51

Jhang 27 .8485t .3937* .5585t .5784t 12.12 128.44 27.92

Lyallpur 32 .2443 .4890t .5344t .6498t 21.38 26.18 38.23

Shahpur 35 .5957t .7103t .6372t .7587t 48.95 38.80 54.91

Total salt Multan 12 .3571 -.4167 -.0911 .4212 9,10

Gujranwala 17 .7344 -.1395 .0369 .2124

Gujrat 24 .8826 .1957 .1537 .1995

Thang 24 .4000 .2127 - .0810 .2787 0,15

Lyallpur 32 .8841 -.4361* - .4070* .4385 16.32 13.78 13.66

Shahpur 36 .7143 -.3191 -.2335 .3192 7.54 2.67 4.75

pH Multan 12 .6028 -.2663 -.4453 .4452 11.81 2.00

Gujranwala 16 .8811 -.1341 .0433 .2975

Gujrat 26 .3763 -.1171 .1632 .2524

Jhang 28 .9462 .1017 .0160 .2676

Lyallpur 31 .8301 -.1319 -.8480 .1389

Shahpur 37 .8516 .0502 .0186 .0663

Sodium Multan 12 .8522 -.5174 -.4669 .5202 19.44 13.98 10.85

Gujranwala 16 .7906 -.1222 - .3296 .3998 4.51 3.07

Gujrat 23 .6430 -.1092 .0427 .1833

Thang 23 .3151 - .3126 -.0141 .2886 3.37

Lyallpur 33 .8735 .0193 .0038 .0331

Shahpur 36 .1282 .1319 .0068 .1323

Potassium Multan 12 .1505 .0605 .5414 .5418 22.24 13,66

Gujranwala 12 .9306t .0561 .0850 .1058

Gujrat 24 .8955t .1762 .2319 .2421 1.07

Jhang 22 .79741 -.1588 - .0277 .2285

Lyallpur 32 .6980t -.1944 -.2016 .2149 .58 .87

Shahpur 34 .7256t .7381t .7122t .7814 53.06 49.18 58.55

* Significant at tlie 5 per cent point,

t Significant at the 1 per cent point.
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TABLE l^Concluded

SOIL CHARAC-
TERISTIC

DISTRICT

NUMBER
OF OB-
SERVA-
TIONS

fl2 fis R An : A

Calcium 12 5400 — 0625 .1996 .2839

Gujranwala 17 .6703t -.0890 -.1155 .1157

Gujrat 22 .8547t .2185 ,3351 .3592 0.013 7.79 3.75

Jbang 22 .85561! .4430 .3890 .4434 15.60 10.87 11.21

Lyallpur 31 .6438t .4584 .2699 .4594* 18.29 4.09 12.64

Shahpur 32 .70S3t .1096 .1340 .1356

Magnesium Multan 12 -.0021 .1312 -.0595 .1438

Gujranwala 16 .6352 -.1631 - ,0975 .1630

Gujrat 23 .4998 -.0137 .0203 .0331

Jhang 23 .5534 .0917 .5013 .5485 21.57 23.10

Lyallpur 33 .1245 - .0795 -.0334 .2607

Shahpur 36 .3389 .2012 .1901 .2397 0.19 0.78 0.04

Boron 74 .4960 -.0473 - .2823 .3018 6.70 6.55

Nitrogen 50 .5899 .1835 .0730 .1886 1.36

Note: m = total correlation between the analytical results of the top and the second

9-inch soil samples. ri2 = total correlation between the analytical results of the top 9-inch

soil samples and the yield of wheat, ris = total correlation between the analytical results

of the second 9-inch soil samples and the 3deld of wheat. R = multiple correlation between
the analytical results of the top and the second 9-inch soil samples, and the yield of wheat. ^4 12

= percentage variance of yieldexpressible in terms ofanalytical results of top 9-inch soil samples.

« percentage variance of yield expressible in terms of analytical results of second 9-inch
soil samples. A - percentage variance of yield expressible in terms of analytical results of

top and second 9-inch soil samples taken together.

Where the values of A 12,
Au, and A are not given, the calculations work out to be nega-

tive, which means that no relation exists between the variables concerned.

Shahpur, but there is no significant improvement in the case of Gujranwala
and Lyallpur. There seems to be no significant correlation between the man-
ganese content of the top and the second 9-inch samples in the districts of
Multan and Gujrat, but in the districts of Gujranwala and Lyallpur the
correlation is very high.

Correlation of phosphate content of soils and the yield of wheat. All the cor-
relations of phosphate with yield are positive and vary from 0.39 to 0.72 and
from 0.46 to 0.65 for the first and second 9-inch soil samples. The moan values
of the correlations with both the top and the second 9-inch soil samples are
nearly equal to 0.57. On an average, about one-third of the variation in yield
can be explained in terms of the phosphate content. The multiple correlation
improves significantly the percentage of variation of the yield in terms of
phosphate in the Lyallpur District. In Shahpur, the difiference though sig-
nificant is not high. Other districts do not show any significant improvement.
The correlations of the phosphate content of the first 9-inch samples with that
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of the second 9-inch samples are insignificant for soils of the Lyallpnr and the

Gnjranwala Districts. In the other districts the correlations are significant.

Coffdation of the total soluble salt content of soils and the yield of wheat No
significant correlation between the total soluble salt content and the yield of

wheat is obtained except in the Lyallpnr District, where the correlation is

negative. About one-eighth of the variation in yield in the Lyallpnr District

can be explained in terms of the total soluble salt content.

Correlaticm of pH of soil and the yield of wheat. All the correlations of pH
of the top and second 9-inch soil samples with yield are low and insignificant*

Correlation of the exchangeable sodium content of soils and the yield of wheat

The correlations of sodium contents of the top and second 9-inch soil samples

and the yields of wheat are insignificant.

Correlation of the exchangeable potassium content of soils and the yield of wheat.

The only significant correlations of yield with potassium are in the Shahpur

District. Both fi2 and ns for this district are positive and are nearly equal,

having a value of about 0.72. Though high yield appears to be associated

with high potassium content of the second 9-inch soil samples of the Multan

District, the results cannot be accepted as definitely proved. In the other

districts there seems to be no association at all between the potassium content

of soils and the yield. About one-half of the variation in yield in the Shahpur

District can be explained in terms of the potassium content of either the top

or the second 9 inches of soil. The variation of yield explicable in terms of

potassium content is improved slightly in the Shahpur District by the multiple

correlation coefficient. All the correlations between the potassium contents

of the top and second 9-inch soil samples are significant except that in the

Multan District.

Correlation of the exchangeable calcium content of soils and the yield of wheat

The only significant correlations of yield and the calcium contents of soil are

obtained with the top 9 inches in the Jhang and Lyalipur Districts, though

even here they do not reach the 5 per cent level of significance. The two

correlations are, however, nearly equal, having a value of about 0.45. The

correlations for soils of other districts are low and insignificant. About one-

sixth of the variation in yield in the districts of Jhang and Lyalipur can

be explained in terms of the calcium contents of the top 9-inch soil samples.

The correlations between the calcium contents of the top and second 9 inches

of soils are, on the whole, significant. Although the correlation for Multan

as judged by Fisher’s test does not reach the 5 per cent point, it might be

considered as significant in view of the correlations obtained for other dis-

tricts.

Correlation of exchangeable magnesium content of soils and the yield of wheat

No correlation seems to exist between the magnesium content and the yield

of wheat in the soils examined.

Correlation of the boron content of soils and the yield of wheat. Correlations

involving the boron content of about 150 soil samples representing different
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yields of wheat from the various districts of the Punjab were determined on

the total number of samples and not by districts. The correlations between

the boron content of the top and the second 9-inGh soil samples and the yield

figures are negative and are not significant.

Correlation between the nitrogen content of soils and the yield of wheat. About

50 sites from the various districts having different yield figures were selected

and the nitrogen contents determined. The correlations between the nitrogen

content of the top and the second 9-inch soil samples and the yield figures are

positive but are not significant. There appears to be no marked relation be-

tween the nitrogen and manganese contents of the soils (fig. 12).

Correlation between the total iron content of soils and the yield of wheat. Total

iron and ferric iron contents of a few selected soils were determined, but the

values were so varying that it was not possible to work out any correlation

between the total iron content of the soils and the yield figures.

Mutual correlation coefficients between the manganese, phosphate, and potassium

contents of the soils. Very significant correlations have been shown to exist

between the manganese and phosphate contents of soils and the yields of wheat.

It was thought that the characteristics which gave significant correlations with

yield figures might have a correlation between themselves. The mutual

correlations of manganese, phosphates, and potassium content of the soils

were therefore examined. The soils of the Shahpur and Lyallpur Districts

were selected for this study because these two districts had the largest number

of observations. The correlations already obtained for these districts were

as follows:

DISTRICT

MANGANESE PHOSPHATE POXASSUJM

0-9 inches 9-18 inches 0-9 inches 9-18 inches 0-9 inches 9-18 inches

Shakpur -.51 -.53 .71 .64 .74 .71

Lyallpur -.69 -.74 .49 .53 -.19 -'.20

The following mutual correlation coefficients were obtained;

DISTRICT

MANGANESE 'AND
POXASSrUM

MANGANESE AND
PHOSPHATE

PHOSPHATE AND
POTASSIUM

,

0-9 inches 9-18 inches 0-9 inches 9-18 inches 0-9 inches 9-18!nches

Shahpur. -.23

.15

-.40

.001

-.35

.47

-.35

-.31
0.54

-.37'.' ;i

'

0.55

-.28Lyallpur.

The results show that:

In the Shahpur District all the correlations except that between the man-
ganese and potassium contents of the top 9-inch soil samples are significant

on the 5 per cent level. The correlations between the potassium and phosphate
contents in both the top and the second 9-inch soil samples are significant
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on the 1 per cent level. The results indicate that in this district a high phos-

phate content in the soil is usually associated with a high potassium content.

Moreover, a high manganese content appears to be associated with low phos-

phate and potassium contents, but this must not be considered as fully es-

tablished until further confirmation is available.

In the Lyallpur District no association between the manganese and potas-

sium contents in the first or second 9-inch soil samples is apparent. The

manganese and phosphate contents appear to be negatively correlated only

in the subsurface 9 inches. The correlation for the first 9 inches is highly

significant, whereas that for the second 9 inches is insignificant on the 5 per cent

level. The potassium and phosphate contents also seem to be negatively

correlated. The correlation for the top 9 inches is significant on the 5 per

cent level, whereas that for the second 9 inches is insignificant.

As far as the mutual correlation of the phosphate and potassium contents

is concerned the results obtained for the Shahpur District are the reverse of

those of the Lyallpur District. It appears, therefore, that to obtain more

definite information regarding the mutual correlations of various characteris-

tics, an examination of a veiy large number of observations would be

necessary.

Mutual correlation between the nitrogen and manganese content of soils. As

described before, the action of manganese in the plant is linked with that of

nitrogen (13, p. 104). The mutual correlation between the manganese and

nitrogen contents of soils did not, however, reveal any significant relation

between these two characteristics in the soils examined.

No mutual correlation between the total iron and manganese contents of

soils could be obtained.

CONCLUSIONS

The examination of the analjdiical results by the method of correlational

analysis has revealed that significant correlations are obtained between the

yield of wheat and the manganese and available phosphate contents of soils.

In general, soils giving a high yield of wheat have a low manganese and a

high available phosphate content.

The effect of manganese cannot as yet be explained. The soils of the

Punjab are generally alkaline, the range of pH values of wheat soils being

from 7 to 8.5. No correlation is found between the yield of wheat and the

pH value. Within this range of pH values manganese is insoluble; it seems,

therefore, that manganese may not affect directly the yield of plants but some

Other factor determining the accumulation of manganese in the soils may be

the real cause of relationship. The mutual correlations between the manganese

content and the phosphate, potash, or nitrogen bring out the fact that the

best correlation existed between manganese and phosphate, although the

value is not very significant. It is proposed to continue the investigation in

the laboratory and in the field.
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A number of soil samples from the various districts of the Punjab have been

examined for their contents of manganese; phosphates; total soluble salts;

exchangeable Na, K, Ca, and Mg; boron; nitrogen; and iron and for their pH

values. Statistical correlations between the yield and the various characteris-

tics have also been worked out. It has been shown that a significant and nega-

tive correlation exists between the manganese content of soils and the yield

of wheat and an equally significant and positive correlation exists between the

phosphate content of soils and the yield. The correlations between the other

characteristics examined and the yield figures are not very significant.

The mutual correlations between manganese and nitrogen or manganese and

potassium are not significant. There seems to be a negative, though insignifi-

cant correlation, however, between the manganese and the phosphate content

of soils.

As a result of this investigation the importance of manganese and phosphate

contents of soils in relation to the yield of wheat in the Punjab is brought out.
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In a previous investigation (3) conducted at this laboratory, using glycero-

phosphate as a typical organic phosphate, it was observed that in Cecil clay

loam, a soil of comparatively high colloid content, the phosphorus added as

organic phosphate became water-insoluble about as quickly as in the case of

added soluble inorganic phosphates. In the light-textured Norfolk sandy loam

the phosphorus in glycerophosphate tended to remain in solution for several

days longer than that in added monopotassium phosphate. In the calcareous

Las Vegas loam this difference between the two phosphates was even more

marked. In an unpublished study on the effect of temperature on the hy-

drolysis and retention of organic phosphates in soils it was found that glycero-

phosphate was converted into the inorganic form and fixed as such. In

general, the organic phosphate behaved like monopotassium phosphate so far

as solubility and retention are concerned except for an initial delay occurring

while the organic form was being changed to the inorganic form. The rates

of hydrolysis and retention of glycerophosphate were much greater at 35°C.

than at 5°C., largely because of the greater activity of soil microorganisms.

The data on monopotassium phosphate, so far as comparable, were in accord

with those previously reported (3).

In the present studies the behavior of several other organic phosphates in

soils of different textures and maintained under aerobic and anaerobic condi-

tions is reported. These studies were planned in part to furnish information

on the penetrability of these compounds in soils.

MATERIALS AND METHODS

The soils used chiefly were Norfolk sandy loam. Las Vegas loam^, and Cecil

clay loam, described previously (3). The reactions of these soils were pH
5.1, 8.4, and 4.8, respectively. In a few experiments Chester loam (Ag horizon,

2 to 10 inches), obtained near Rockville, Md., was employed. This soil,

^ The writers are indebted to G. E . Hilbert, K. D. Jacob, and L. T. Alexander for numerous

suggestions; to G. E. Hilbert and N, J. Hipp for the preparation of some of the phosphate

compounds; and to the Monsanto Chemical Company and Commercial Solvents Corporation

for supplying certain other phosphates used.

®This soil is essentially free from alkali salts, contrary to a previous statement (3), but is

rather calcareous. An analysis made by L. T. Alexander showed 750 p.p.m. of soluble salts.

351
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according to Brown and Byers (1), has 31.6 per cent clay, 19.7 per cent colloid,

41,1 per cent silt, and a pH of 4.8.

The organic phosphates used and their purity were as follows:

Sodium glycerophosphate from Merck and Company. Analysis: calculated for

NaaCsHrPOe-SHsO-P 10.13, H2O 29.42; found— P 10.67, H2O 26.49.

Calcium hexose diphosphate from Winthrop Chemical Company. Analysis: calculated

for CasCsHioPaOia—P 14.90; found—total P 14.14 and inorganic P 1.83 after 6.12 per cent

loss in moisture following drying in an Abderhalden apparatus at room temperature for 24

hours.

Sodium nucleate prepared from yeast nucleic acid obtained from Merck and Company.

Analysis: found—P 6.79,

Dipotassium phenyl phosphate prepared by G. E. Hilbert and N. J. Hipp, formerly of this

laboratory. Analysis: calculated for K2C6H5PO4—P 12.39; found—P 12.36 after 8.61 per

cetnt loss in weight upon drying in an Abderhalden apparatus at 100°C.

Potassium diphenyl phosphate prepared by G. E. Hilbert and N. J. Hipp. Analysis:

calculated for KC12H10PO4—P 10.76; found—P 10.13.

Potassium diphenyl pyrophosphate prepared by G. E. Hilbert and N. J. Hipp. Analysis:

calculated for K2Ci2HioP207—P 15.28; found—P 13.22.

Disodium ethyl phosphate prepared from calcium ethyl phosphate obtained from Mon-

santo Chemical Company, Since this salt was exceedingly hygroscopic, the sirupy reaction

product was made up to volume and analyzed for total and inorganic phosphorus. Found

—

organic P by difference 96.3 per cent.

Calcium diethyl phosphate from Monsanto Chemical Company recrystallized twice from

water. Analysis: calculated for CaC8H2oP208—P 17.92; found—P 17.73.

Tiiethyl phosphate from Commercial Solvents Corporation. One cubic centimeter con-

tained 0.167 gm. P.

Trimethyi phosphate from Commercial Solvents Corporation. One cubic centimeter

contained 0.2607 gm. P.

The procedure adopted was as follows: The phosphates in an amount

equivalent to 20 mgm. phosphorus were added to 100 gm. soil in 2S0-cc.

centrifuge bottles and mixed thoroughly, and the mixture was wetted with

sufficient water to put it in optimum physical condition. The quantities per

100 gm, soil were for Norfolk 8 cc., for Las Vegas 10 cc., for Cecil 25 cc., and for

Chester 38 cc. Where aerobic conditions were desired the bottles were

stoppered with cotton plugs, weighed, and stored in a dark room at a tempera-

ture of 25 to 28‘^C. The bottles were reweighed every few days and water was
added to compensate for the loss due to evaporation. Duplicate samples

were incubated for various periods, usually 3, 7, 14, and 21 days. Where
anaerobic conditions were used the procedure was the same except that the

bottles containing the soils were placed in vacuum desiccators, which were
then evacuated and filled with nitrogen gas that had been freed from traces

of oxygen by bubbling through alkaline pyrogalloL The evacuation was
twice repeated with subsequent refilling with nitrogen gas in order to insure

complete removal of oxygen. The soil samples were then incubated in ni-

trogen gas at atmospheric pressure concurrently with those run under aerobic

conditions. After a desiccator was opened, all soil samples therein were
removed for analysis.
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At the end of the incubation period water was added to the soils in the

centrifuge bottles to make a total water content, including that added initiaUy,

of 100 cc. for the Norfolk and Las Vegas soils and 150 cc. for the Cecil and

Chester soils. The mixture was then shaken intermittently for about a half

hour, a portion of the supernatant liquid decanted and centrifuged, and

finally filtered. Samples ranging from 1 to 5 cc. were analyzed immediately

for inorganic and total phosphorus by the microchemical method given pre-

viously (3). The inorganic phosphate was determined directly, whereas the

determination of total phosphorus was preceded by a digestion with per-

chloric acid to convert the organic into inorganic phosphate. The difierence

between the two analyses represented the organic phosphorus.

In several preliminary experiments partly anaerobic conditions were obtained

by adding sufficient water completely to cover the soils in the bottles, followed

by tightly closing these bottles with rubber stoppers for the duration of the ex-

periment. Under these waterlogged conditions the rate of decomposition of

glycerophosphate was considerably more rapid than under strictly anaerobic

conditions, and hence this method was discarded and the incubation carried

out in pure nitrogen gas as already described. Some of these results with

waterlogged soils are given below in connection with the discussion of sodium

glycerophosphate.

RESULTS

The behavior of ten organic phosphates in the various soils maintained

under aerobic and anaerobic conditions is presented in a number of tables and

figures. The tables show the percentages of the added phosphate that could

and could not be extracted with cold water after various intervals. The por-

tion of the extractable phosphorus that remained in organic form as well as

the portion that had been converted into inorganic phosphate is also shown.

In the presentation of these data, the results obtained with each individual

phosphate will be considered separately.

Sodium glycerophosphate

The results with glycerophosphate given in table 1 and in figure 1 show that

this phosphate is converted into a water-unextractable form rather quickly.

In the heavy Cecil soil only 8.2 per cent was recovered in the,water extract

after 24 hours. In the Norfolk and Las Vegas soils® of low colloid content

the rate of disappearance from solution was less, but even in these soils only

4.7 and 0.1 per cent, respectively, of organic phosphate was extracted after

7 days under aerobic conditions. Under anaerobic conditions the rate of

3 The rate of fixation was much more rapid in the Las Vegas soil in the present studies than

in the earlier (3) experiments. This was probably due in part to the differences in general

experimental procedures used, and also to the fact that in the earlier studies the sodium

glycerophosphate was acidified to pH 6 prior to addition, whereas in the present studies it

was added without treatment.
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disappearance was not quite so rapid. Considerable additional phosphate

was also present in the extracts in the inorganic forin after 7 days in these

coarse-textured soils. This phosphate, formed from glycerophosphate, behaves

like any other inorganic phosphate and in heavier soil such as the Cecil

would not remain soluble. In this study we are primarily interested in the

phosphate only as long as it remains in the organic form.

Experiments with Chester loam, not reported in table 1, showed that as

much as 90 per cent of the phosphorus added as sodium glycerophosphate was

rendered unextractable in as short a time as 4 hours, and 97 per cent in 1 day.

When this soil was steam sterilized and treated with the phosphate solution

under sterile conditions the amounts of organic phosphate retained were 65

TABLE 1

Rate of disappearance of sodium glycerophosphate from soil solutions as evidenced hy the

phosphorus content of the extracts

Percentage of added phosphorus

SOIL TIME
Extracted

Not ex-
tracted

Extracted
j

Inor-
ganic

Or-
ganic

Total
Inor-
ganic

Or-
ganic

Total
tracted

days

3 36.1 32.1 68.2 31.8 5.2 66,.9 72,.1 27.9

Norfolk
7 53.0 4.7 57.7 42.3 5.1 54,.7 59,.8 40.2

14 47.1 2.0 49.1 50.9 8.6 30,.8 39,.4 60.6

21 44.7 1,7 46.4 53.6 12.9 21..0 33..9 66.1

3 16.9 10.8 27.7 72.3 8.4 35..6 44..0 56.0

Las Vegas
7 16.5 0.1 16.6 83.4 9.6 4..6 14.,2 85.8

14 14.7 0.0 14.7 85.3 4.8 0.,6 5..4 94.6

21 12.2 0.8 13.0 87.0 3.5 0.,1 3..6 96A

Cecil

1

1 1 0.0
i

i 8.2 8.2 91.8

3 0.0 0.0 0.0 100.0

and 78 per cent for the 4- and 24-hour periods, respectively. Steam sterilization,

besides killing the microorganisms, undoubtedly also altered the chemical and
perhaps the physical properties of the soil to some extent. Nevertheless, the
results indicate that soil microorganisms played a minor role in the fixation in

this soil.

The rate of disappearance of glycerophosphate from a waterlogged Norfolk
soil in comparison with that from a well-aerated soil and also from a soil

maintained in pure nitrogen gas is shown in figure 2. As might be expected,
the behavior in the saturated soil was intermediate between that in aerobic
and strictly anaerobic conditions where the moisture content was optimum.
Under anaerobic conditions the organic phosphate extractable after 3 weeks
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% Aerobic

Days

• Sodium glyceropbosphote

X Colcium hexose diphosphote

A Sodium nucleate

Fig, 1. Soluble Organic Phosphates in Soils at Various Periods Following

Their Addition

Fig. 2. Soluble Organic Phosphate in the Noreolk Soil Following Additions oe

Sodium Glycerophosphate
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was about the same as in the waterlogged soil after 9 days. Of course the

fact that the water content of the waterlogged and the strictly anaerobic

soils varied makes it impossible to attribute the observed differences wholly

to degree of aeration, but it is probable that the oxygen supply, through its

effect on the soil flora, was the predominating factor. Figure 2 would seem

to indicate that waterlogged soils are not so completely anaerobic as writers

have often asserted or implied, but obviously under field conditions where the

soil layer is deeper, oxygen lack would be more in evidence.

TABLE 2

Rate of disappearance of calcium hexose diphosphate from soil solutions as emdenced by the

phosphorus content of the extracts

AESOBIC ANAEEOBIC

Percentage of added phosphorus

SOU TIME
Extracted

Not ex-

tracted

Extracted

Not ex-
tractedInor-

ganic
Or-

ganic
Total

Inor-
ganic

Or-
ganic

Total

days

3 12.2 29.7 41.9 58.1 5.7 33.7 39.4 60.6

Norfolk <

7 18.4 4.9 23.3 76.7 ! 4.5 23.1 27.6 72.4

14 16.8 1.1 17.9 82.1 4.5 9.8 14.3 85.7

21 15.4 0.3 15.7 84.3 3.2 3.8 7.0 93.0

3 4.7 7.0 11.7 88.3 3.3 27.4 30.7 69.3

Las Vegas
7 5.0 1 0.4 5.4 94.6 3.4 5.4 8.8 91.2

14 3.7 0.0 3.7 96.3 2.5 0.7
i

3.2 96.8

21 3.3 0.1 3.4 96.6 2.1 0.2 2.3 97.7

Cecil
1

1 0.0
1

0.2 0.2 99.8

3 i

1

0.0 i

1

0.0 0.0 100.0

Calcium hexose diphosphate

The behavior of calcium hexose diphosphate in the Norfolk and Las Vegas
soils under aerobic and anaerobic conditions is shown in table 2 and in figure 1.

The data are in close agreement with those for sodium glycerophosphate; both
phosphates are excellent sources of energy for microorganisms, and hence the
phosphorus is quickly converted into the inorganic form. Where calcium
hexose diphosphate was added to the Cecil soil the change of the phosphate to
a fixed form was almost complete within 24 hours.

Sodium mideate

Table 3 and figure 1 give the results with sodium nucleate, another organic
phosphate that is an excellent food for microorganisms. In this case the
organic phosphate usually disappeared even more rapidly than did glycero-
phosphate and calcium hexose diphosphate. This was especially true in the
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alkaline Las Vegas soil. In the Cecil soil only 1 per cent was extractable after

24 hours.

TxABLE 3

Rate of disappearance of sodium nucleatefrom soil solutions as emdenced hy the phosphorus

content of the extracts

SOIL TIME

1

AEEOBIC
j

ANAEBOBIC

Percentage of added phosphorus

Extracted
| Not ex-
tracted

Extracted
j Not ex-
tractedInor-

ganic
Or-
ganic

Total
Inor-
ganic

Or-
t

ganic
Total

days

[ 3 47.5 22.4 69.9 30.1 9.2 57.6 66.8 33.2
I

1

7 56.8 ! 7.1 63.9 36.1 12.6 34.6 47.2 52.8
JNonoiK. -s

1

14 60.9 2.3 63.2 36.8 24.9 4.8 29.7 70.3

1
21 56.5 1.8 58.3 41.7 19.4 1.6 21.0 79.0

3 10.9 2.1 13.0 87.0 5.6 10.5 16.1 83.9

Las Vegas
7 11.1 0.2 11.3 88.7 4.3 1.3 5.6 94.4

14 5.9 0.0 5.9 94.1 3.1 0.3 3.4 96.6
i

1
21 2.3 0.1 2,4 97.6 2.5 0.3 2.8 97.2

Cecil 1 0,0 1.0 1.0 99.0

TABLE 4"

Rate of disappearance of dipotassium phenyl phosphatefrom soil solutions as evidenced hy the

phosphorus content of the extracts

SOIL TIME

AEEOBIC ANAEROBIC

Percentage of added phosphorus

Extracted

Not ex-
tracted

i

j

Extracted
j Not ex-
tractedInor-

ganic
Or-

ganic
Total

Inor-
ganic

Or-
ganic

Total

days i

3 21.1 49.8 70.9 29.1 19.8 50.7 70.5 29.5

7 33.3 22.0 55.3 44.7 34.1 22.6 56.7 43.3
iNonoiK \

14 31.1 14.0 45.1 54.9 30.0 16.9 46.9 53.1

21 30.1 12.2 42.3 57.7 30.1 11.4 41.5 58.5

3 6.8 30.2 37.0 63.0 6.0 28.1 34.1 65.9

Las Vegas <

7 9.1 9.1 18,2 81.8 7.9 12.0 19.9 80.1

14 8.0 0.1 8.1
:

91.9 7.0 0.4 7.4 92.6

\
21 7.3 0.2 7.5

:
92.5 6.4 0.2 6.6 93.4

1 0.0 14.4 14.4
1

85.6
L/ecii N

3 0.0
j

0.0 0.0 100.0

Dipotassium phenyl phosphate

Studies with dipotassium phenyl phosphate are reported in table 4 and in

figure 3. It will be noted from the graphs that in both the Norfolk and Las
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Vegas sofls this phosphate behaved very much the same as the three phosphates

just discussed except that it did not disappear from solution quite so rapidly.

The rate of conversion to the insoluble form was almost as rapid under an™

aerobic as under aerobic conditions. This is probably due to the toxicity of

phenyl compounds which would tend to decrease the growth of both aerobic

Aerobic

• Dipotossium phenyl phosphote

X Potossium diphenyl' phosphote

A Potossium diphenyl pyro-

phosphote s

I 3
Days

14

Fig. 3. Soluble Phenyl Phosphates in Soils at Vaeious Pbeiods Following
Theie Addition

and anaerobic organisms. In the alkaline Las Vegas soil 92 per cent of the

phosphorus added as phenyl phosphate could not be extracted with water after

14 days; in the Cecil soil 85.6 per cent was not extracted after 1 day.

Potassium Mphmyl phosphate

The extent to which potassium diphenyl phosphate remains extractable in

the three soils is shown in table 5 and in figure 3. This phosphate behaves
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very differently from glycerophosphate, hexose diphosphate, and sodium

nucleate in that it does not rapidly change into the water-insoluble form. The

tendency to remain in solution unchanged was also much greater than was the

case with dipotassium phenyl phosphate. Even in the high-colloid Cecil

soil about 50 per cent of the diphenyl phosphate was recovered after 2 weeks.

The rate of change to a nonextractable form was most rapid in the Las Vegas

soil, suggesting that the reaction of a soil is a greater factor than the colloid

content in the disappearance of this phosphate from solution.

A number of contributing factors are responsible for the relatively sluggish

rate of transformation of the potassium diphenyl phosphate into an inorganic

TABLE 5

Rate of disappearance of potassium diphenyl phosphatefrom soil solutions as evidenced by the

phosphorus content of the extracts

AEROBIC ANAEROBIC

Percentage of added ptiosphorus

SOIL TIME
Extracted

Not ex-
tracted

Extracted

Not ex-
tractedInor-

ganic
Or-
ganic

Total
Inor-
ganic

Or-
ganic

Total

days

3 0.2

1

95,0 95.2 4.8 trace 95.4 95.4 4.6

Norfolk <

7 1.5 83.6 85.1 14.9 0.2 91.2 91.4 8.6

14 7.0 63.0 70.0 30.0 0.6 87.7 88.3 11.7

21 11.4 49.4 1 60.8 39.2 1.1 83.1 84.2 15.8

3 1.7 78.5 80.2 19.8 2.1 75.8 77.9 22.1

Las Vegas i

7 5.1 45.1 50.2 49.8 4.2 49.0 53.2 46.8

14 6.8 22.6 29.4 70.6 6.0 29.6 35.6 64.4

21 8.0 7.5 15.5 84.5 7.2 10.7 17.9 82.1

3 0.0 75.2 75.2 24.8 0.0 74.2 74.2 25.8

Cedi <

7 0.0 68.7 68.7 31.3 0.0 73.1 73.1 26.9

14 0.0 47.5 47.5 52,5 0.0 61.3 61.3 38.7

21 0.0 6.1 6.1 93.9 0.0 64.5 64.5 35.5

phosphate. Since this compound is a disubstituted organic phosphate, a

twofold hydrolysis would be required to change it completely. The initial

hydrolysis appears to be much slower than that encountered with any of the

other compounds thus far described, and its hydrolysis product, phenol,

would be toxic to soil microorganisms, thereby retarding the final hydrolysis

to form the inorganic phosphate.

Dipoiassium diphenyl pyrophosphate

Table 6 and figure 3 show that potassium diphenyl pyrophosphate remains in

solution in the three soils for a longer time than does the dipotassium ph^yl
phosphate but not so long as the potassium diphenyl phosphate in two out of
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TABLE 6

Rate of disappearance of potassium diphenyl pyrophosphatefrom soil solutions as evidenced

by the phosplwrus content of the extracts

I I

AEROBIC
I

ANAEROBIC

Percentage of added phosphorus

SOIL
1

TIME
Extracted

Not ex-

tracted

1

Extracted
Not ex-
tractedInor-

ganic
Organic Total

Inor-
ganic

Organic Total

days

f 3 3.5 83.1 86.6 13.4 4.2 83.7 87.9 12.1

Norfolk
j

1
7 9.1

1

60.8 69.9 30.1 10.2 62.4 72.6 27.4

1

14 13.8 41.5 55.3 44.7 11.9 46.1 58.0 42.0

[
21 16.1 34.4 50.5 49.5

i

15.5 36.1 51.6
i

48.4

3 3.2 69.0 72.2 27.8 3.1 68.1 71.2 28.8

Las Vegas
|

7 5.3 46.3 51.6 48.4 4.4 52.2 56.6 43.4

14 7.1 22.9 30.0 70.0 6.1 33.5 39.6 60.4

21 7.8 11.0 18.8 81.2 5.6 27.0 32,6 67.4

Cecil 1 0.0 15.2 15.2 84.8

TABLE 7

Rate of disappearance of disodium ethyl phosphate from soil solutions as evidenced hy the

phosphorus content of the extracts

AEROBIC ANAEROBIC

Percentage of added phosphorus

SOIL
1

TIME '

1

Extracted

Not ex-

tracted

Extracted
j Not ex-
tractedInor- i

ganic
!

Organic Total Inor- i

ganic
Organic Total

days

3 27.2 40.9 68.1 31.9 12.1 55.5 67.6 32.4

7 53.0 0.0 53.0 47.0 8.4 47.8 56.2 43.8
14 42.2 0.8 43.0 57.0 7.7 35.9

1 43.6 56.4

V 21 40.6 1.2 42.2 57.8 7.5 29.9 37.4 62.6

3 ! 9.2 37.3 46.5 53.5 ^ 5.9
1

47.5 53.4 46.6
7 16.8 5.2 22.0 78.0

1

6.5
1

27.3 33.8 66.2
14 14.7 0.6 15.3 84.7 5.4 4.5, 9.9 90.1

: 21 •

i

12.8 0.3 13.1 86.9 4.2 1 1.3 5.5 94.5

(

3 0.0 2.8 2.8 97.2 0.0 4.8 4.8 .95.2

Cecil. <
1

7 0.0 2.5 2.5 97.5 0.0 4.0 . 4.0 96.0

1

14 0.0 0.8 0.8 99.2 0.0 2.0 2.0 98.0

1
21 0.0 0.5 0.5 99.5 0.0 1.0 1.0 99.0

the three soils. The p3T:ophosphate, like potassium diphenyl phosphate, also

requires a twofold hydrolysis for its conversion into ap, inorganic phosphate.
The initial hydrolysis, however, involves the conversion of the pyrophosphate
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into an orthophosphate, and only in the final hydrolysis is the toxic phenol

formed. Chemically, diphenyl pyrophosphate is very stable; it remains un"

changed after 7 minutes’ heating at 100*^0. in normal hydrochloric acid solution

(5). Its behavior in soil solution was very different. The rate of its disappear-

ance was most rapid in the Cecil soil, less rapid in the alkaline Las Vegas soil,

Fig. 4. Soluble Alkyl Phosphates in Soils at Various Periods Following
Their Addition

and least rapid in the Norfolk soil. There was no great difference between the

results obtained under aerobic and under anaerobic conditions.

Disodium ethyl phosphate

Where phosphorus was supplied in the form of disodium ethyl phosphate

the organic phosphate was transformed into the inorganic form nearly as

rapidly as the phosphorus in glycerophosphate or in hexose phosphate.

The data, given in table 7 and in figure 4, show that 2ven in the light-textured
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Norfolk soil only 41 per cent of the added phosphorus remained in an ex-

tractable organic form after 3 days under aerobic conditions and only a trace

remained after 7 days. In the Cecil soil very little phosphorus could be ex-

tracted after 3 days. Under anaerobic conditions disodium ethyl phosphate

disappeared less rapidly, probably because of the decreased activity of micro-

organisms.

Calcium diethyl phosphate

The data in table 8, which are in part plotted in figure 4, show that diethyl

phosphate remains in solution in the three soils for a much longer time than

TABLE 8

Rate of disappearance of calcium diethyl phosphate from soil solutions as evidenced by the

phosphorus content of the extracts

SOIL i TIME

AEEOBIC ANAEROBIC

Percentage of added phosphorus

Extracted Extracted

Not ex-
tractedInor-

ganic
Or-
ganic

Total
tracted Inor-

ganic
!

Or-
ganic

Total

days

3 2.9 78.0 80.9 19.1 2.3 i 80.5 82.8 17.2

1
7 6.8 58.6 65.4 34.6 5.2 64.3 69.5 30.5

iNOnOm
\

1

14 8.8 49.1 57.9 42.1 4.3 61.2 65.5 34.5
\

1 21 9.3 37.5 46.8 ^ 53.2 4.1 54.4 58.5 41.5

i

3 0.8

1

83.5 1 84.3 : 15.7 0.7 84.2 84.9 15.1

\T 7 0.9 79.6
1

80.5 19.5 0.6 82.8 :
83.4 16.6

Las v6§£ts. A
14 2.8 61.0

,

63.8 36.2
j

0.5 81,3
;

81.8 i 18.2

i

21 5.0 29.1
1

1

34.1 : 65.9 0.4 76.2
1 76.6 23.4

f
3

'

0.0 61.2 61.2 38.8 0.0 60.5 60.5 39.5

1
7 0.0 30.4 30,4 I 69.6 0.0 41.3 41.3 i 58.7

j

14 0.0 12.7 12.7 87.3 0.0 24.8 24.8 ^ 75.2

1
21 0.0 4.8 4.8 95.2 0.0 12.5 12.5 : 87.5

does glycerophosphate, hexose diphosphate, or sodium nucleate. The rate of

disappearance under aerobic conditions was slightly greater than under
anaerobic conditions, indicating that microorganisms did attack the material,

but very slowly. So far as retention is concerned, the diethyl phosphate
behaved in some respects like the diphenyl phosphate and the diphenyl pyro-
phosphate but with variations for the different soils.

Triethyl phosphate

Triethyl phosphate is a liquid and hence is not physically suitable for

ordinary fertilizer use. It also fails to ionize in water solution and probably
does not act as a source of phosphorus for plants. Nevertheless it is of scien-
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tific interest to know its behavior in soils. Figure 4 gives this information for

the three soils maintained under aerobic conditions. It will be noted that in

the Norfolk and Cecil soils the material could be recovered completely by

water extraction after 21 days; in the Las Vegas soil only 38 per cent remained

water-extractable. The retention by the Las Vegas soil may be attributed to

a purely chemical reaction involving hydrolysis in the presence of the soil

bases. The failure of the unionized triethyl phosphate to be adsorbed by the

colloidal Cecil soil is in harmony with the idea that colloidal adsorption in-

volves an ionic reaction. The complete recovery of triethyl phosphate also

shows that this material is not utilized by soil microorganisms.

Trimethyl phosphate

Figure 4 shows that trimethyl phosphate acts like triethyl phosphate, as

would be expected since it is also unionized. It was recovered completely

from the Norfolk and Cecil soils and to the extent of 87 per cent after 3 weeks

from the Las Vegas soil.

DISCUSSION

One of the most striking facts brought out by the data presented here is

that the common water-soluble organic phosphates, such as sodium glycero-

phosphate, calcium hexose diphosphate, and sodium nucleate, when added to

a soil containing a considerable percentage of colloids, become nonextractable

with water nearly as quickly and completely as do soluble inorganic phosphates.

In the Cecil soil 92 per cent or more of the phosphorus added in these com-

pounds could not be extracted with water after 24 hours and none after 3 days.

Although these phosphates are excellent foods for microorganisms, their re-

tention occurred so soon after addition to this soil that the soil organisms un-

doubtedly played a secondary initial role. The retention was probably due

to colloids. In the lighter Norfolk and Las Vegas soils the rate of disappear-

ance from solution was also rather rapid but less so than in the Cecil. In these

lighter soils microorganisms probably hydrolyzed the phosphates to inorganic

compounds, which then behaved like ordinary soluble inorganic phosphate

fertilizers.

The phenyl phosphates behaved somewhat differently in some cases from

the three phosphates discussed in the preceding paragraph. These phenyl

compounds are undoubtedly toxic to soil microorganisms, and hence the ex-

tent to which they would be retained in a given soil would depend to a great

extent on physical and chemical factors. It will be noted from figure 3 that

dipotassium phenyl phosphate disappeared from the Cecil soil solution, as

evidenced by the water extracts, almost as quickly as did the glycerophosphate,

and in the Norfolk and Las Vegas soils less than 25 per cent of the organic

phosphorus remained extractable after 1 week. Potassium diphenyl pyro-

phosphate acted similarly except that the change was not so rapid. Potassium

diphenyl phosphate acted like the diphenyl pyrophosphate in the alkaline
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Las Vegas soil but tended to stay in solution for a considerably longer period

in the two humid soils, especially in the Cecil where SO to 60 per cent could be

extracted after 2 weeks. From these results alone it would seem, that this

compound might offer advantages over common inorganic phosphates as

far as penetrability is concerned. It is very probable, however, that the

phenyl phosphates would be toxic to most crops if used in appreciable con-

centrations.

Calcium diethyl phosphate is another compound that these results would

indicate might possibly have some advantages over the inorganic phosphates

with regard to movement through a soil. In the Las Vegas soil it remained in

solution longer than did potassium diphenyl phosphate, whereas in the Norfolk

and Cecil soils the reverse was true. Since this organic phosphate is an ester

of ethyl alcohol and phosphoric acid, and since ethyl alcohol is a good food for

many microorganisms, it is surprising that it was not converted into water-

insoluble phosphate much more rapidly than was found to be the case. It

seems unlikely that a compound of this type would be toxic to higher plants

in any concentration likely to be used in common fertilizer practice. Field

tests with this compound would be of considerable scientific interest. Di-

sodium ethyl phosphate behaved much more like the sugar phosphate and

glycerophosphate than like the diethyl phosphate.

The unionized triethyl and trimethyl phosphates, which could be completely

recovered from the Norfolk and Cecil soils after 3 weeks, are probably not

readily available sources of phosphorus for plants. The basic soils may be an

exception as far as hydrolysis is concerned, as the results for the Las Vegas

soil indicate. It is pertinent to mention that Conrad (2) observed that

triethyl phosphate was toxic to milo.

Other results with organic phosphates, recently reported by Conrad (2),

should also be mentioned. He observed that a loamy fine sand (Yolo) re-

tained the phosphorus of phytin but only a small portion of that from glycero-

phosphate, whereas Aiken loam retained most of the phytin and glycero-

phosphate as well as sodium nucleate. Triethyl phosphate was retained to

some extent by both soils. In earlier studies Spencer and Stewart (4), using

Las Vegas loam, found that organic phosphates of the type formula R(OH)*-
(P04Mj,)j, have greater soil-penetrating power than the common inorganic

phosphates.

The experiments reported in the present study merely show to what extent

a variety of types of organic phosphates are able to remain in solution in the

presence of soils. The availability or toxicity to plants of many of these

compounds is not well known. Furthermore, the feasibility of using them in

fertilizer mixtures would require a considerable study. It is also very doubtful
if any of these or similar materials could be manufactured at sufficiently low
cost to make their use practical, assuming that a compound such as calcium
diethyl phosphate should prove to have marked advantages over inorganic

fertilizers with respect to penetrability.
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SUMMARY

The rates of change to the water-insoluble or at least nonextractable condi-

tion of the phosphorus in ten soluble organic phosphates were determined

under aerobic and anaerobic conditions in three, and in some cases, four soil

types.

In general, the phosphorus in sodium glycerophosphate, calcium hexose

diphosphate, sodium nucleate, dipotassium phenyl phosphate, and disodium

ethyl phosphate was retained rapidly by Cecil clay loam and usually by Las

Vegas loam, whereas retention by Norfolk sandy loam was not so rapid or so

complete. The phosphorus in potassium diphenyl phosphate and in potassium

diphenyl pyrophosphate usually remained water-soluble for a considerably

longer period. The unionized triethyl and trimethyl phosphates could be

completely recovered from two of the three soils after 3 weeks. Phosphorus

supplied as calcium diethyl phosphate tended to remain in the water-soluble

form for several days, and might possibly have some advantages over in-

organic phosphates from the standpoint of penetrability.

These studies showed that some of the organic phosphates, such as glycero-

phosphate, were retained by heavy soils so tenaciously and so quickly after

addition that colloidal action rather than microorganisms must have played

the primary role.
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Under conditions requiring irrigation, where both water and labor are ex-

pensive, it is desirable to have some record of changes in moisture conditions

in the soil. If the soil is irrigated while it is still high above the permanent

wilting percentage, water probably will be wasted, and if it is not irrigated

until some time after the soil in the root zone has reached the permanent

wilting percentage, the growth of the plant may be undesirably checked. The

standard procedure of determining the moisture content at given points of

the soil in the field requires taking soil samples from the field into the labora-^

tory, then weighing, drying, and again weighing them before the moisture

content can be calculated. When taken in sufficient quantities and with suf-

ficient care, this seems to be the most reliable method used to date. When
carried out in sufficient detail, however, it is laborious. The development

of a reliable method for measuring moisture content without having to remove

the soil sample is, therefore, highly desirable. One of a number of methods

being investigated by the authors for measuring the moisture content of a

soil in place is that depending on the relation between the electrical resistance

of a soil and its moisture content.

Whitney, Gardner, and Briggs (1, 2, 8) carried out rather elaborate investiga-

tions on the electrical resistance of soils. Their work, for the major part, was

done under humid conditions. Their method was to use only two electrodes

in the soil and an alternating current to avoid polarization. They reported

the carbon electrodes as most satisfactory. The general conclusion drawnby soil

workers from the above results was that the variations in salt content were too

great to allow the use of the resistance method for measuring variations in

moisture content, although the original authors seem not to have drawn this

specific conclusion.

Another objection to the two-electrode method of measuring the electrical

resistance of soil is that the contact resistance between the electrodes and the

soil may be erratic, for any expansion or contraction of the soil around the

electrodes will lower or raise that contact resistance. The two-electrode

method measures the sum of both the soil resistance and the contact resistance

^ Contribution from the California Agricultural Experiment Station, Davis.

2 Associate Professor of Irrigation and Associate Irrigation Engineer in the Experiment

Station; and Junior Irrigation Physicist in the Experiment Station, respectively.
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between the electrode and the soil. The latter is very erratic and unrepro-

dncible and its elimination is highly desirable.

The standard method of eliminating the contact resistance between the

electrodes and the material is to use four electrodes. This appears not to have

been recognized by the earlier workers in soils. McCorkle (6), however, recog-

nized the great source of error inherent in the two-electrode method when

used in measuring the resistance of soils, and hence he made a brief investiga-

tion using the four- or multiple-electrode method. He reported results of his

work on one soil but failed to identify the soil sufficiently well to enable the

reader to interpret the results in terms of the range of soil moisture available

to plants. His chief contribution lay in pointing out that the four-electrode

method has certain advantages in soil studies. He, like the earlier investiga-

tors (5, 7), used carbon electrodes.

Goldsmith (3) also used four electrodes but not in such a way as to eliminate

the erratic contact resistance between the electrode and the soil.

The purpose of the present investigations was to determine under field con-

ditions the feasibility of using the electrical resistance of soils, determined with

four electrodes, as an indicator of the moisture content of the soil. In the

following pages the term soil-moisture cycle signifies the continuously varying

state beginning with a complete irrigation of the soil, then passing through the

drying stage to the permanent wilting percentage, due to the extraction of

water by plants, and ending with a complete irrigation.

The most obvious source of difficulty with any electrical resistance method

is the variation of electrical resistance with the variation in amount of dis-

solved material in the soil solution, the effect of the variation of soil tempera-

ture being negligible below the first foot in the soil during the growing season.

A comparison of the electrical resistance, at a given moisture content, in dif-

ferent cycles, furnishes the type of data required for answering the question as

to whether the variations in salt content are too great to permit the use of the

four-electrode resistance method as an indicator of soil-moisture content.

Another question for which an answer was desired was the nature of the varia-

tion in the electrical resistance of the soil, as measured by the four-electrode

method, in the neighborhood of the permanent wilting percentage.

THEORY

We shall derive the expression to be used in determining the electrical re-

sistance of the soil by the four-electrode method (6). Consider four electrodes

(fig. 1), equally spaced at a distance p apart and all lying in the same plane at

a given level. Let iJi . . . represent the electrical resistances in ohms as

measured across the terminals of the electrodes shown in the figure. Each
of these resistances may be considered as having three component resistances: a
contact resistance in going across the boundary from the electrode into the

soil, the resistance of the soil itself, and another contact resistance in going
from the soil to the other electrode. Let r2, ra, and f4 represent the contact
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resistance at each of the electrodes, respectively, and jui . .
. jue the resistances

of the soil itself, corresponding to the measured resistances Ri,\ . Rq. We
then have the six following equations:

-Ki == n + Ml + ^'2

R2 = + M2 4” ^3

^3 = ^1 + Ms + H
R^ =Z f2 + M4 + ^3

i?5 = r2 + M5 + Ta

i^6 = ^3 + M6 + U

Subtracting the sum of the second and fifth equation from the sum of the first

and sixth we get:

{R2 + Rb) — (^1 + Rq) = (m2 + M5) (mi + Me)

Fig. 1. Arrangement op Electrodes Illustrating the Meaning op Various Resistances

Used in the Discussion

Since we are considering a uniform medium and since the electrodes are uni-

formly spaced, we have M2 = ms and mi = Me- Hence

(R2 + R,) - {Ri + R^) = 2 (m2 - Ml) (A)

To solve this equation, we must express M2 j Ms, and Me in terms of mi- To do

this, we shall consider two extreme cases \vhich are more amenable to mathe-

matical treatment and between which our actual case lies. The same conclu-

sion will be found to follow from both of the two extreme cases; the same must

therefore apply to the actual case.

Consider first the formula for the resistance m between two spherical elec-

trodes (4, pp. 350-352), radii a and &, at a great distance p apart, in an infinite

conducting medium. We have

M
T

4^

where r is the specific resistance of the medium. Hence

M2 = Ml F
b

a 0 p_

y = hiixi
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Thus the resistance ^2 is at all times proportional to fii as long as the foregoing

conditions are satisfied.

Let us now consider the formula for the resistance per unit length between

two straight parallel cylindrical electrodes (4, pp. 350-352), of radii a and 5,

placed with their centers at a great distance p apart, in an infinite conducting

medium. We have
2

U, = — In —r .

^ 27r ab

Hence

In

M2 == Ml-
ah

In
ah

(C)

Thus again the resistance M2 is at ail times proportional to mu

Since our actual case lies between the two hypothetical cases considered

above (possibly closer to the first), we may write for the actual case,

jLt2 = ^Mi-

Equation (A) then becomes

{R2 + Rb) - {Ri + Re) - 2mi {k - 1)

^ + Rd - (-Ri + Re)] iD)

where K depends only on the distance apart and shape of the electrodes, and

where the erratic behavior of the contact resistances ri ,

.

between the

electrode and soil has been entirely eliminated.

Formulas (B) and (C) were derived for an infinite medium, whereas we are

applying it to a case where the departure from infinity of the medium, becomes

greater as the surface of the soil is approached. The constant K in equation

(D), therefore, depends more on the depth of the electrodes as these are placed

closer to the soil surface. At the lower depths, equation (D) should be inde-

pendent of depth if the medium is homogeneous. For the present purpose we
are not interested in evaluating K in equation (D), although this can be done

if desired.

From the nature of K, it is immaterial whether we use mi or the numerator

on the right-hand side of equation (D) as a measure of the electrical resistance

of the soil. In the future, therefore, when we speak of the electrical resistance

of the soil by the four-electrode method, we shall, for convenience, be dealing

only with

{R2 + Rb) - (Ri + RbI

PRESENT PROCEDURE

For large-scale work, it is desirable to have some convenient means of in-

stalling the electrodes without an excessive amount of work. For this reason,
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a soil tube was used to drill the holes for the electrodes, and the electrodes

were designed to be placed in the soil-tube holes. The electrodes were inserted

in the holes after these had been partly filled with a thin mud made from their

original soil contents. As the excess water surrounding the electrode seeped

away, the mud settled around the electrode. After considerable settling had

taken place, the electrode was pushed a bit farther into the wet soil so as to

make better electrical contact. The rest of the hole was then filled with earth.

The necessity for using some force in pressing the electrodes even a short

distance into the soil proved to be a handicap when carbon electrodes were

used, for these were so fragile that many of them broke off even when great

care was exercised in installing them. The carbon rods used for electrodes

were 1 foot in length and | inch in diameter. They were turned on a lathe to

vary from f inch at the lower tip to the full | inch at the upper end. A small

shaft was turned down on the large upper end so that it could be inserted in

the end of a J-inch pipe. A rubber garden hose completely jacketed the pipe,

to which it was securely wired, both at the bottom near the carbon electrode

and at the top projecting out of the ground. The rubber hose prevented the

soil above the carbon electrode from coming into electrical contact with

the pipe.

We compared the carbon electrodes with another far more sturdy set of

electrodes made by hammering out a 1-inch square iron rod so that it became

a wedge 1 inch square at the upper end, tapered to J inch square at the lower

end, and 1 foot long. The long end was welded to a J-inch pipe. Thus strong

metal electrodes were substituted for the fragile carbons. The metal electrode

and part of the J-inch pipe were then tinned by a commercial tinning plant to

prevent rusting. The J-inch pipe was covered by rubber hose in the same

manner as were the pipes attached to the carbon electrodes. The tinned iron

electrodes showed no measurable dffierence in electrical characteristics from

the carbon ones, throughout the season, and hence it is felt that the iron elec-

trodes are much to be preferred since they are less expensive and far more

sturdy.

The two plots selected for the test were on Yolo sandy loam having some

variation in texture from one depth to another but being fairly uniform at

a given depth. To determine the electrical resistance at a given depth in the

soil, the four electrodes were all placed at the desired depth in a straight line

and 40 inches apart. Electrodes were placed at the four following depths:

and 9|- feet.

Any resistance method under field conditions, of course, measures the re-

sistance of a lens of soil, and hence one cannot say that the results observed

are the resistances at any specific level, since the electric lines of force probably

,

to some extent, spread above and below this level. If one is interested in the

average moisture conditions, this is an advantage.

The Wheatstone bridge used in making the measurements was built in the

laboratory using a constant frequency output of 1,000 cycles per second.
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A variable condenser covering a wide range was necessary to com-

pensate for the capacitance of the electrodes in the soil so that a null could be

attained in the telephone receiver of the Wheatstone bridge. One stage of

amplification was used before the current was passed through the telephone

receivers. The equipment, though rather bulky for routine work, was very

sensitive, enabling one to determine resistances to four significant figures.

Throughout the entire season, careful and frequent soil-moisture determina-

tions were made, according to standard procedure, at the different depths,

paralleling the resistance measurements. These samples were taken with a

soil tube and were dried in the oven at llO^C.

RESULTS AND DISCUSSION

It was found that the electrical resistance between any two electrodes varied

widely and apparently in no very consistent manner with variations in moisture

content. Thus if two electrodes only had been used, no very consistent re-

sults would have been expected. By the use of the four-electrode method,

however, the variations in the contact resistance between the electrodes and

the soil were eliminated, and the resistances of the soil between the electrodes

were determined with surprising consistency.

The results for the entire season taken from a Sudan grass plot are shown

in figure 2. A similar set of curves was obtained from a sugar beet plot in co-

operation with the Spreckels Sugar Company. Since the present tests were

started in the season of 1940, the data on but one and one-third cycles^ as de-

fined earlier, are available. It will be noticed that although resistance de-

terminations are reported for only five different depths, soil moisture

determinations are reported for ten different depths at 1-foot intervals. Thus

the sloping broken line for the 2-foot section indicates the variation in re-

sistance of the soil with time at an average depth in the soil of 1| feet; whereas

the sloping solid line for each horizontal foot section indicates the variation

in moisture content with time. The broken sloping lines at the 4-foot, 6-foot,

and 10-foot sections likewise indicate the variation in electrical resistance,

but at average depths of 3|, 5|, and Of feet.

The horizontal broken lines labeled “M. E.’’ indicate the average moisture

equivalents for each 1-foot section. Previous to the second irrigation, the

moisture-content curves become asymptotic to a horizontal in the upper layers.

The moisture contents corresponding to these comparatively flat parts of the

curves are the permanent wilting percentages. On the other hand, the com-
paratively flat parts of the moisture-content curves after the second irrigation

do not represent the permanent wilting percentages, since there was virtually

no transpiration during this period. The heavy vertical line at September 23

indicates the date of the only irrigation given during the season except the

thorough irrigation given the plot of ground immediately after all the electrodes

had been installed.

Even though the moisture curves in the surface 4 feet tend to fllatten during
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the fore part of August, the resistance curves continue to climb without any
very appreciable change of soil-moisture content. This, of course, means

that the small changes in moisture content taking place in the vicinity of the

permanent wilting percentage cause comparatively large changes in electrical

resistance. This was expected from results published by McCorkle (6).

! 1 1 i i 1--1 ! - I i . l.i 1 .1 1 .!.

Fig. 2. Variation of Electrical Resistances and Moisture Contents as These Vary
WITH Depth and Time on the Sudan Grass Plot

The curves in figures 3 and 4 indicate the variation in resistance with moisture

content as measured at the 2-foot and 4-foot sections. They were obtained

from figure 2 by plotting the resistance at different times against the corre-

sponding moisture contents. The points indicated by the open circles represent

determinations made after the first irrigation, whereas those represented by
solid circles represent the same data after the second irrigation.

The curves or points of figures 3 and 4 corresponding to the second cycle faE

reasonably closely on those of the first. That is, when the soil during the



Fig. 3. Variation of Electrical Resistances of Soil with Moisture Content in the

Second-Foot Section on the Sudan Grass Plot

Fig. 4. Variation of Electrical Resistances of Soil with Moisture Content in the

Fourth-Foot Section on the Sudan Grass Plot

Fig. 5. Variation of Electrical Resistances of Soil with Moisture Content in the
Sixth-Foot Section on the Sudan Grass Plot

Fig. 6, Variation of Electrical Resistances of Soil with Moisture Content in the
Tenth-Foot Section on the Sudan Grass Plot

374
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second cycle takes on the moisture contents it had during the first, it also

takes on approximately the same electrical resistance. This would seem to

indicate that the electrode method has promise as a way of measuring or indi-

cating the soil-moisture content. We also conclude from the close coincidence

of the two sets of points that the variation in resistances due to variation in salt

content or any other variables except moisture, under the conditions in the

experiment, are not highly important at least in the top 4 feet of soil. Figures

5 and 6 corresponding to the sixth and tenth foot do not show such close agree-

ment between the two sets of points. Whether this is due to irregularities in

the moisture-content determinations or to some other factors such as the

downward leaching of salts cannot, at present, be stated.

Before definite conclusions can be drawn as to the practicability of this

method, it must be tried under a wide range of field conditions. This work

is now in progress and will be continued through next summer.

SUMMARY

The four-electrode method was used in measuring the electrical resistance

of the soil as a function of moisture content in both a Sudan grass and a sugar

beet plot.

Tinned iron electrodes were found to be more sturdy and convenient than

carbon and proved to be entirely satisfactory.

There was no sudden increase in the electrical resistance of the soil as the

plant continued to remove water in the vicinity of the permanent wilting

percentage.

When the electrical resistances of a soil supporting a crop are plotted as a

function of moisture content, a curve is obtained showing a rapid increase in

resistance with decreasing moisture content in the neighborhood of the per-

manent wilting percentage. This curve appears to be asymptotic to the mois-

ture content corresponding to the permanent wilting percentage.

A comparison of the resistances at the same moisture content before and

after irrigation indicates that the variations in resistances due to factors other

than moisture, under the conditions of this experiment, are not great in the

top 4 feet of soil. This would seem to indicate that the four-electrode method

of indicating variations in soil-moisture content has promise.
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The composition of the soil solution has been given considerable attention

in connection with soil fertility and soil salinity investigations, and a number of

different methods have been used for sampling the soil solution. It is the

purpose of this paper to review briefly these methods and to present preliminary

results on a new experimental procedure which gives promise of being useful

for studying physical as well as chemical properties of the soil solution over the

plant growth range of moisture contents.

REVIEW OF EXTRACTION METHODS

Methods for obtaining samples of the soil solution may be briefly classed

under the following headings:

L Displacement. The soil solution may be removed and replaced by a fluid

which is caused to move into the soil pore spaces. Liquids are commonly

used, but the displacement may be produced by a gas if the soil is saturated.

The displacement method was reviewed and improved by Parker (18) and

has been extensively used (3, 4, 5, 6, 7, 11, 20, 21, 25). Good evidence for the

reliability of the method has been given by Burd and Martin (3), but the range

of soil textures and moisture contents on which it can be used successfully is

definitely limited. Only exceptional soils can be displaced at moisture con-

tents near the wilting point, and in many instances soils which are readily

puddled require excessive periods for the displacement process.

2. Compaction. Liquids may be removed from a porous medium if the pore

space can be sufficiently reduced by compaction. This method is commonly

used in commercial filter presses for extracting moisture from plant residues

and ceramic clays, and has been used on soils by a number of workers (9, 15,

22), Pressures of thousands of pounds per square inch are required to reduce

the moisture content of soils to near the wilting point; because of the effect

of high pressures on solubility, the method has been subjected to rather serious

criticism by Northrup (16).

^ Contribution from the XJ. S. Regional Salinity Laboratory, Bureau of Plant Industry,

Riverside, California.

2 goii physicist. The author is indebted to P. E. Skaling and L. R. Weaver for

assistance in the construction and testing of the apparatus.
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3. Centrifugation, Water may be caused to move through and out of soil

by centrifugation, and this procedure is commonly used for drying soil to

standard conditions (2, 17, 24). Attempts have been made by a number of

workers to obtain samples of soil solution by centrifugation, but a satisfactory

procedure has not yet been developed.

4. Molecular adsorption. Gardner, Whitney, and Kezer (10) effected the

extraction of solutions from slick spot soils by contact with roils of dry filter

paper. The transfer of solution from the soil to the paper was hastened by

compaction in a cylinder with movable pistons. Neither compaction nor

centrifugation will remove water from moist soil until the pressure in the soil

water is increased to atmospheric pressure at the place provided for outflow;

that is, the soil must become substantially saturated at this place. The

molecular adsorption method is suitable for supplementing compaction or

centrifugation methods when soil moisture contents are too low to satisfy the

atmospheric pressure outflow condition.

5. Suction. The removal of water from soil by suction is a common pro-

cedure, accomplished by connecting the liquid phase of water in soil with

liquid water at lower pressure. The mechanism for maintaining this pressure

difference between extracted water and water in the soil is usually a porous

ceramic wall or other membrane which, when wet, is readily permeable to

water but not to air. The suction method as suggested by Briggs and McCall

(1) makes it possible to extract moisture from soil until the negative pressure

in the soil water is about one atmosphere. This pressure limitation arises

from the fact that without elaborate precautions it is not possible in ordinary

apparatus to reduce the pressure in liquid water below the aqueous vapor

pressure. Porous ceramic cups have been used for extracting solutions from

soil samples for fertilizer investigations (13) and for sampling submerged soil

solutions (12). Adsorption of ions by the ceramic cell or other membrane
material must be considered whenever the suction method is used (19).

The pressure limitation in the suction method may be avoided by increasing

the gas pressure in the soil air. This has been done in connection with soil-

moisture sorption-curve work by S. J. Richards (23) and has also been done

by Lauritzen (14) for increasing the exudate from decapitated potted plants.

PRESSURE-MEMBRANE EXTRACTION APPARATUS

The apparatus which has been developed at this laboratory for removing
solutions from soils makes use of the gas pressure modification of the suction

procedure. The soil from which moisture is to be removed is placed in a

chamber in which the gas pressure is increased above atmospheric pressure.

The side of the chamber which supports the soil consists of a Geilophane

membrane supported on a brass screen and a brass plate in such a way that

any solution passing through the membrane is conducted away at atmospheric
pressure and trapped under oil. In this way the moisture content of the soil

in contact with the membrane will be reduced by the amount that would be
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necessary under normal atmospheric conditions to make the pressure defi-

ciency of the soil water equal to the excess gas pressure in the extraction

chamber.

It is not difficult to see why excess gas pressure applied on top of a layer of

saturated soil should cause the soil water to move through an underlying

membrane which is subjected only to atmospheric pressure on the side opposite

to the soil. It is not entirely obvious why such a membrane should continue

to extract moisture from soil after a continuous gas phase has been established

throughout the soil mass and the soil-water system touches the membrane

only at comparatively isolated points. The fact that the excess gas pressure

can be maintained in the chamber indicates that surface tension action in-

hibits gas leakage through the membrane pores and there is established in the

gas-liquid interface at the upper surface of the membrane an equivalent curva-

ture determined by the excess gas pressure. The comparatively free move-

ment of water through the membrane maintains this same curvature in the

water interface at the contact points between the membrane and the soil.

There is thus set up a curvature gradient across the layer of soil in contact

with the membrane. It is the pressure gradient corresponding to this curva-

ture gradient that moves the water or solution through the unsaturated soil

toward the membrane. When equilibrium is reached and passage of water

through the membrane ceases, the interface curvature of the water throughout

the soil will be the same as at the membrane.

The moisture extraction chambers consist essentially of cylindrical sections

clamped between flat steel plates. Two sizes were used in the work reported

in this paper. In the small chamber the cylinder was 2f inches outside di-

ameter with a wall thickness of^ inch. The end plates were 3| inches square,

I inch thick, and were clamped by four |-inch bolts. The cylinder for the

large chamber was 12 inches outside diameter with a wall thickness of | inch.

The circular end plates were 14 inches in diameter, | inch thick, and were

clamped by eight f-inch bolts. Tripod legs were screwed into the lower plate.

Figure 1 shows the constructional details for the large chamber. To prevent

displacement of the gaskets by gas pressure, the rectangular groove shown in

the sectional view was cut in the face of the cylinder and the annular rubber

gaskets were attached to the cylinder with rubber-to-metal bonding cement.

The brass screen is held taut on the brass plate by the smooth annular ring of

solder which also serves as the bearing surface for the gasket. A short length

of 0.040-inch bore copper tubing is riveted and soldered into the center of the

brass plate so that the upper end of the copper tube is flush with the upper

surface of the brass plate. This tube, passing downward through the brass

plate and the lower steel plate, serves as the outlet for fluids which pass through

the cellophane membrane from the soil chamber. The three lugs brazed to

the cylinder make it possible to screw the cylinder to the lower steel plate and

thus hold the Cellophane and gasket in place while the chamber is being loaded

with soil.
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The tendency for soil to shrink out of contact with the membrane during

dehydration may be prevented by inserting a soft rubber diaphragm between

the cylinder and the upper plate. A constant compressive force may thus

scale in

inches

Fig. 1. Pressuke-Membeane Extraciion Apparatus

be maintained on the soil by keeping the gas pressure above the diaphragm
somewhat in excess of the extraction pressure.

The most suitable height for the cylindrical section of the extraction chamber
will depend on the nature of the extraction work to be carried on. Cylinder
heights of 1, 2, and 4 inches have been found convenient for the work in progress
at this laboratory.
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MEMB3UNE CHARACTERISTICS

Representative data on the permeability of plain transparent Cellophane

are shown in table 1. Thickness values for the three gauge numbers com-

monly available are also given. It may be seen from the data that water

transfer through Cellophane is not quite proportional to the pressure difference

over the pressure ranges used. The permeability varies somewhat from one

sheet to another, and tends to increase slightly during water transfer. The
gas permeability measurements were made on the wet membrane immediately

following the water-flow tests.

Only occasionally at the beginning of an extraction process have Cellophane

membranes developed leaks, and these have been ascribed, for the most part,

TABLE 1

Permeability of plain transparent Cellophane to water, air, and nitrogen

Expressed as cm.® cm.”2 sec.~^ atmos.~^ X 10®

DRIVING PEESSUSE IN ATMOSPHERES

GAUGE
NUMBER

THICK-
NESS

TEMPERA-
TURE 2

1

4
11

^ 8 2 4 6 $

Water Air

inches
®c .

1 1i 1 1

j

300 .00088 22.0 10.8 9.74 9.33 9.18 7.23 7.10 6.77 6.36

450 .0012 21.5 11.6 10.5 ' 9.95
1

9.14 5.97 5.60 5.32 5.10

600 .0017 22.5 9.05
1

8.60 7.80 7.77 5.15 5.00 4.80 4.45

DRIVING PRESSURE IN ATMOSPHERES

3.4
1

6.8
1

13.6
1

3.4 6.8
I

13.6

1

Water Nitrogen

300* .00088 27.5 17.5
i

19.6 17.0 150 208 i 348

450* .0012 28.0 14.2 13.8 12.3 4.76 3.92

600* .0017 26.2 7.88 7.85 6.80 1.91 3.48 2.82

* Cellophane obtained from a different supply house was used in these tests,

to faulty handling. The high permeability to nitrogen shown for the No. 300

sheet in table 1 is exceptional and in this case probably indicates a progressive

failure of the membrane. Gas leaks through the membrane are rather likely

to develop if the extraction process is continued for more than three or four

days.

During preliminary tests it became apparent that solutions from certain

saline soils markedly decreased the membrane permeability. It was found,

for instance, that the permeability of a sheet of No. 600 Cellophane to 1 M
Na2C03 was exactly half the value obtained for distilled water.

Medium and fine grades of Zsigmondy Ultrafein filters were tested but were

not found to be appreciably better than Cellophane and are much more

expensive.
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SOLUTION EXTRACTION TESTS ON SOILS

Preliminary tests indicate that the pressure-membrane apparatus may be

used for extracting soil solutions over the whole plant growth range of soil

moisture contents. Several soils were available for which the permanent

wilting percentage had been determined by the sunflower method (8).

The soils were air-dried and had been passed through a 2-mm. sieve. A
layer of dry soil approximately 1 cm. deep was spread on No. 600 Cellophane

in the large chamber and wetted with distilled water. For these experiments

the cylindrical section of the chamber used was § inch high. The soils were

allowed to stand from 1 to 2 hours with an excess of water before the chamber

was closed and a nitrogen pressure of 16 atmospheres (235 pounds per square

inch) applied. This pressure was maintained constant by a regulator valve.

TIME— HOURS
Fig, 2. Summation of the Soil Solution Extracted as a Function of Tbie for a Layer
OF Saturated Soil 29.2 Cm. in Diameter with an Extraction Pressure of 16 Atmos-
pheres. The Soil Depths Were: Aiken, 1.0 Cm.; Sierra, 1.0 Cm.; and Antioch,
0.5 Cm.

From the curves in figure 2, it appears that the extraction rate is high and
approximately constant until the water table in the soil layer reaches the mem-
brane. The rate of delivery of water to the membrane then depends on flow
through the unsaturated soil.

Antioch clay is an extremely impervious soil and shrinks considerably during
dehydration. The curve for this soil shown in figure 2 was obtained for a
5-mm. layer on which a soft rubber diaphragm maintained a compressive stress

of 10 pounds per square inch after the first half hour of extraction.

It is a matter of considerable interest that for the 5- to 10-mm. layers of
soil that have been tried, moisture equilibrium with the 16-atmosphere mem-
brane is attained within 24 to 36 hours, and as indicated in table 2, the equi-
librium moisture contents have been below the wilting points for the respective
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soils. TMs seems to supply important new information on the possible rate

of the movement of water to plant roots in dry soils.

The curves in figure 3 show extraction rates from 10-cm. layers of soil

initially containing moisture at | atmosphere tension. Air pressure on the

membrane was 6.8 atmospheres (100 pounds per square inch) and a compressive

stress of 20 pounds per square inch was maintained by a pressure of 120 pounds

TABLE 2

Moisture content values for three soils under various standard conditions

SOIL
M02SXUKE

EQUIVALENT
WILTING

COEEHCIENT

MOISTUSE AT
^ ATMOS. TEN-

SION

MOISTUEE AT
16 ATMOS. TEN-

SION

Sierra loam 8.6 3.7 6.0=** 3.27*

Aiken clay loam 36.2 22.0 29.5 21.24

Antioch day 21.0 12.0 ! 20.6 11.2

* Although taken from the field at a later date, this sample was from the same depth and

location as the sample on which the moisture equivalent and the wilting coefficient were

determined.

Fig. 3. Summation or the Soil Solution Extsacteb as a. Function or Time eor a Laitee

or Soil 6.3 Cm. in Diametee and 10 Cm..Deep. Initially the Soil Containeu Mois-

TUEE AT J AtMOSPHEEE TENSION AND TEE EXTSACTION PeESSUEE WaS 6.S ATMOSPEEEES

per square inch above a soft rubber diaplnagm which served as the upper

gasket for the cell.

It is likely that the soils were somewhat puddled by the handling process.

The soils were wetted at zero soil moisture tension and dried to equiiibrmm at

I atmosphere of tension in 6-mch double-walled irrigator pots. The cylinder

of the extraction cell was then filled with this moist soil. All soik were handled

as nearly as possible in the same way.

The curves illustrate in a general way the rate at which the pressure mem-
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brane apparatus will extract moisture from soils containing water at ^ at-

mosphere tension. The small cell was used in these experiments; tliereforCj

the extraction rate is only 5 per cent of what it would have been, with the

large cell.

SOIL SOLUTION STUDIES WITH THE PRESSURE-MEMBRANE APPARATUS

Because of several effects, the solution obtained from the pressure-membrane

extraction apparatus may differ from the solution that would be delivered to an

absorbing root in the same soil. Principal among these may be ion adsorption

in the membrane. Since little information on this point is available for

Cellophane, the matter will be carefully investigated. For a 1-cm. layer of

soil on No. 300 Cellophane, however, the soil-membrane thickness ratio is

450 to 1: therefore trouble is not anticipated in investigating the predominant

ions in saline soils.

The 16 atmospheres of gas pressure necessary for low moisture content ex-

tractions may produce appreciable changes in the composition of the soil

solution because of effects on solubility. The use of nitrogen should prevent

large changes in carbonic acid concentration, but where detailed information

is wanted on carbonate-bicarbonate relations, it may be necessary to use con-

trolled mixtures of nitrogen and carbon dioxide.

For the experiments here described the liquid and the gas passing through

the membrane were trapped in separate vessels by displacing white mineral

oil. In some cases the water vapor contained in the gas passing through the

membrane may appreciably concentrate the soil solution. This effect can

be minimized by humidifying the gas before it enters the extraction chamber.

During the 31 hours required for obtaining the Aiken curve in figure 2, about

255 mgm. of water vapor was carried off by the 11 liters of nitrogen that passed

through the membrane. This corresponds to 0.03 per cent change in the mois-

ture content of the soil.

In the large cell having a membrane area of 671 sq. cm., about 4 or 5 cc. of

solution is required to wet the membrane and fill the spaces in the 80-mesh

screen before liquid begins to emerge from the outflow tube.

OTHER USES OE THE APPARATUS

The pressure-membrane extraction apparatus seems to provide a means
for considerably extending our knowledge of the flow of soil water at moisture

tensions greater than 1 atmosphere. Steady-state moisture fliow experiments in

unsaturated soil can now be carried on over the whole plant growth moisture

range and use can be made of well-known energy relations for expressing the

results in standard units.

Sorption curves for the whole plant growth moisture range are readily ob-

tainable with this apparatus and will provide useful information on the effect

of such treatments as organic matter, fertilizers, salts, puddling, and freezing

on the structure and pore size distribution of soils. Applications for the

apparatus outside the field of soil science are also apparent.
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SUMMARY

The methods that have been used for extracting solution from soils are

briefly discussed under the headings: 1. Displacement, 2. Compaction,

3. Centrifugation, 4. Molecular adsorption, and 5, Suction.

A modified form of suction apparatus is described in which a carefully

supported Cellophane membrane serves as the bottom of a gas pressure chamber

in which soils are placed for solution extraction. In this way the moisture

content of soil in contact with the membrane will be reduced by the amount

that would be necessary under normal atmospheric conditions to make the

pressure deficiency of the soil water equal to the excess gas pressure in the

extraction chamber.

Data are presented for three soils showing that an extraction pressure of 16

atmospheres reduces the moisture content of 5- to 10-mm. layers of soil from

saturation to below the wilting point in 24 to 36 hours.

The apparatus can be used for obtaining sorption curves and studying the

permeability of unsaturated porous media over a considerably extended range

of negative pressure.
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Interest in the cobalt content of soil has been stimulated in recent years

by the discovery that cobalt deficiency in forage is responsible for a specific

type of malnutrition in the livestock of certain areas, notably in New Zealand

and in Florida. Field studies in the latter area have indicated that the soils

of the Norfolk series contain very little cobalt/ and these studies are being

extended in an effort to correlate this deficiency with the soil series. Methods

for the determination of cobalt which are described in this paper will, it is

hoped, be of immediate practical interest to those who are investigating the

content of this element in the soils and vegetation of such areas.

In this investigation, an attempt was made to apply the a-nitroso-zS-naphthol

color reaction to the quantitative estimation of traces of cobalt. The reagent

used was a 0.05 per cent solution of o'-nitroso-iS-naphthol in very dilute sodium

hydroxide. Originally, color was developed by the addition of 10 drops (0.3

ml.) of this reagent to 15 ml of solution containing amounts of cobalt of the

order 4^ (4 X gni.), followed by dilution to 25 ml. Color comparisons

with such solutions were always difficult and, unless the cobalt contents were

virtually identical, highly inaccurate, on account of the yellow color of the

reagent itself. This difficulty was removed as a result of the chance discovery

that addition of a sulfite to the solution afkr color development, destroyed the

yellow color of the reagent but not the brown color of the cobalt compound.

The depth of the color ultimately produced by a given quantity of cobalt

was found to depend on the acidity of the solution in which color was developed.

After preliminary experiments, ammonium acetate was selected as a suitable

buffer for control of acidity. The pH values produced by the addition of

various amounts of N HCl to mixtures consisting of (a) 15 ml. distilled water

plus 3 ml. 10 per cent ammonium acetate and (b) 15 ml. of slightly acid cobalt

solution (15 ml. ~
, 3.757 Co), plus 3 ml. 10 per cent ammonium acetate are

shown in figure, 1, which also indicates the percentage color intensities obtained

by the addition, of 10 drops of the amitroso-i3-naphthol reagent to duplicate

solutions of the (b) series and subsequent dilution to 25 ml. It will be noted

that the maximum
,

color .is developed at a pH of approximately '5.2 but that

no
, serious loss. of, color intensity takes place, if the pH is within the' range

5.o~-5.3.';
:

^ Unpublished, findings of .the Florida Agricultural Experiment Station.
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The foregoing considerations led to the adoption of the following method of

color development:

To an appropriate amount of cobalt in 15 ml. of solution was added 3 ml.

of 10 per cent ammonium acetate solution, and the acidity was then adjusted

to about pH 5.2 by the addition of N HCl. Color was developed by the addi-

tion of 0.3 ml. a-nitroso-jd-naphthol reagent followed by 0.3 ml. of 10 per cent

NaHSOs, to destroy the color of excess reagent. After the addition of 1 ml.

of 1:4 sulfuric acid, the solution was made up to 25 ml., when it was suitable

Fig. 1. Relation Between pH of AmoNroM Acetate Buffer and the Amount of Acm
Added; and the Intensity of Color Developed with 3.75 y Cobalt at Various

Acidities

for color comparison. The addition of sulfuric acid was found to stabilize

the cobalt color, which, without the acid, tended to fade slightly after about

half an hour.

ADJUSTMENT OF ACIDITY

Provided the cobalt solution is nearly neutral, a pH of 5.2 can be produced

by the addition of 0.7 ml. if HCl; but as the cobalt solutions involved wiE

usually be more or less acid, methods of dealing with such cases may be noted.

When the solution is only slightly acid two methods were found to be satis-

factory: (a) the normality of the solution was determined, and a reduction

in the amount of N HCl was made to compensate for the acidity of the cobalt
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solution taken for color development. This method was particularly suitable

for the preparation of standards, as the cobalt solutions used were slightly

acidified to prevent hydrolysis, (b) The pH of the requisite volume of cobalt

solution, plus 3 ml. 10 per cent ammonium acetate, diluted to about 18 ml.

was found, and the amount of N acid required to change this pH to 5,2 was

ascertained by inspection of the graph. When the solutions are more strongly

acid, the same methods may be applied, following approximate neutralization

with sodium hydroxide. As high concentrations of ammonium salts were

found to complicate acidity adjustment, it is advisable to avoid the use of

ammonia for neutralization when much free acid is present.

REMOVAL OE IRON

As iron produces a color with a-nitroso-jd-naphthol, it must be removed

from solution. It was found that, with small amounts of iron, this could be

achieved by precipitation as basic acetate. Wlien the preliminary neutraliza-

tion was made with sodium hydroxide, the ammonium acetate was added as

a 10 per cent solution, and volumes were suitably adjusted, an aliquot of iron-

free solution, equivalent to 3 ml. of 10 per cent ammonium acetate, could be

prepared for color development by simply diluting to 18 ml. and adding 0.6

ml. N HCL

RESULTS OBTAINED

Four cobalt standards (Si, S2 ,
S3, and S4) containing 1.9, 3.8, 5.7, and 7.5y Co

respectively were prepared. In addition, four test solutions containing cobalt

and 0.01 per cent Fe were freed from iron by the basic acetate method,

and aliquots (Ti, T2, T3, and T4) of the resultant solutions were selected to

represent corresponding quantities of cobalt. Color was developed in each

of these eight solutions by the appropriate methods already described, and

comparisons in a Hellige colorimeter resulted in the following estimates of

cobalt:

SOLUTION USED AS STANDARD SOLUTION USED EOX
COiCPAKlSON (A)

THEORETICAL
Co in (A)

Co round iw (A)

gamma gamm4

Si Ti 1.9 2,1 '

(1.97 Co) T2 3.8 3,5 .

S2 3.8 3.6

Ss 1

T2 3.8 3.8

(3.87 Co)
1

Si 1,9 2,0

'
Sa 1

• '.Ta 5.7 5.6

,

,(5..77Co)
1

T4 ;

. 7,5 1

' 7.0

1

S4 7.5 :

. 7.4

S4
. Ti , 7,5 7.2

(7.57 Co) S3 .5.7
1

6.1
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CONCLUSIONS

The quantitative colorimetric estimation of traces of cobalt by a-nitroso-j8-

naphthol appears possible, provided acidity is controlled and the color of

excess reagent is destroyed by treatment with sulfite. Color comparisons are

valid even between solutions with considerably different cobalt contents.

Iron can be removed without difficulty and without impairing the accuracy of

the method.

As far as the writer is aware, the use of sulfite for removing the color of the

reagent has not been previously reported. It is hoped that the tentative

methods described, or modifications of them, may prove of general utility.



THE AVAILAMETER AND ITS USE IN SOIL MOISTURE CONTROL

IL CALIBRATION METHODS^

R. B* ALLYN and R. A. WORK^

In, the preceding part of this paper (1) the availameter was described and its

use .in routine irrigation practice discussed. In the present paper the calibra-

tion and use of the instrument in quantitative studies of irrigation problems,

whether in e,xperiiiiental work or on commercial orchards, are shown together

with supporting data. The irrigation experiments at the, Medford Experi-

ment Station and the soil moisture control project on commercial orchards

(3, 4)® provided an excellent opportunity to investigate the accuracy of the

availameter readings as indicators of soil moisture content.^

SOIL STABILITY VERSUS SOIL MOISTURE

Soil moisture content and soil stability as measured in pounds of load on the

double needles of the availameter for the first foot at each of six sampling

locations in a 23-acre irrigated Anjou pear orchard on Phoenix
,

clay

adobe soil are shown in figure 1. Correlations for the second- and third-foot

depths are similar. This illustration was selected because variation of the

soil stab,ility-:rQ,oisture content curves and soil moisture constants between

sampling locations in this orchard was more extreme than in most of the other

approximately fifty irrigated blocks included in the studies.
,

Actual
,
soil

^ This paper reports i,nvestigations formerly conducted under a cooperative agreement

between the Bureaus of Agricultural Engineering and Plant Industry, U. S. Department of

Agriculture, and .the Oregon Agricultural Experiment Station, and more recently conducted'

under a cooperative agreement, between the U. S. B'ureau of Plant Industry and the Oregon

Agricultural Experlnieiit Station. Presented for publication as Technical Paper No. 339,

with the approval of the director, as a contribution of the Medford Branch, Oregon Agricul-

tural Experiment Station.

2 A,ssistant Irrigation Enginee.r, Division of Fruit and Vegetable Crops and Diseases,

Bu.reau of Plant Indust.ry, U. S. .Department .of Agriculture, .and Associate Irrigation Engi-

neer, Division of Irrigation, Soil .Conservation Service, U.. $. Department of Agriculture.

The authors are greatly indebted to M, R. Lewis, Senior Agricultural Engineer, Soil Conserva-

tion Service, for help'ful suggestions in the preparation of .this manuscript.

,

, ®Work, R. A. Fourth progress report (1935) .on 'pear Irrigation, investigations. IJn-„

pubiished,' ,
, ,

, Work,,R. A. ' First progress report (1937); of'Orchard soil moisture control. . Unpublished.

Allyn, R. B., 'and Degman, E. S, Second progress report (1939) of
,

orchard soil moisture

control. Unpublished.

^The availameter has been, manuf.actured on .order at Medford, Oregon. Inquiries' re-

garding the instrument may be addressed to the Medford Branch of the Oregon Agricultural

Experi.ment Station.
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Stability determinations and the corresponding moisture contents as de-

termined by oven-drying are shown for each of the six locations by the small

plotted symbols.

The widely varying soil conditions found in this orchard v/ould seem to

complicate short-cut moisture determination by use of stability measurements.

Although good correlation is shown between soil stability and moisture content

at each location, it could be concluded that a separate set of conversion factors

for each location must be used for determination of moisture conditions in the

block. However, if the stability correlation is made with available moisture

Fig. 1. Soil Stability Versus Total Soil Moisture Content in the 0-1-Foot Depth
IN A COlilMERCIAL PEAR ORCHARD NEAR MeDEORD, OREGON (1938)

(expressed as a percentage of the available capacity) rather than with the
total moisture content used in figure 1, it is found that a single relationship

exists even under the extremely variable conditions illustrated.

Field capacity of each foot depth at each sampling location was computed
by averaging those moisture determinations made during a 2-year period at
times when the soil was judged at field capacity following heavy irrigations

and winter rains, as described by Work and Lewis (2). Table 1 gives these
values, as well as permanent wilting percentages for each of the sampling loca-
tions and for the plot as a whole. Unfortunately, wilting point determinations
were made only on samples bulked from ail six locations for each foot depth
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before the soil variation was realized. The wilting percentage values shown

in table 1 for individual locations were computed from the plot average wilting

percentage^ on the assumption that each bore the same relation to the average

as each individual field capacity bore to the average field capacity. This

method was based on the well-established wilting point-field capacity rela-

tionship (see fig. 6) observed for a number of soils in this locality (2; see also

footnote 3 of the present paper).

The field capacity for each location has been plotted on its respective soil

stability-moisture content curve in figure 1 as an open circle in the lower part

of the figure. The soil stability values at field capacity, in spite of the wide

soil variation, all fail between 2.2 and 2.8 with an average of 2.6 pounds.

Open circles indicating the moisture content at 50 per cent available moisture

are also plotted on the stability curves of figure 1 near the center of the figure.

An average stability of 13.6 pounds substantially represents 50 per cent avail-

able moisture at all locations, just as at field capacity all samples irrespective of

TABLE 1

Field capacity and wilting percentage on orchard E. C. B.

In percentage soil moisture

FIELD CAPACITY WILTING PERCENTAGE

Depth in Feet— 0-1 1-2 2-3 0-1 1-2 2-3

Location 1 37.7 35.2 28.5 15.1 17.1 14.9

Location 2 43.0 39.8 35.7
1

17.3 19.3 18.6

Location 3
!

39.7 36.4 33.3
i

16.0 17.6 17.4

Location 4 39.5 36.0 30.4 1 15.9 17.4 15.9

Location 5 34.3 1 30.0 37.0 13.8 14.5 * 14.1

Location 6 26.3 28.3 10.6 13.7 '

Plot Average
:

36.8 34.3 31.0 14.8 16.6
1

16.2

location had nearly similar stability in spite of the soil variability. Although

the total soil moisture at a given soil stability varies widely in the different

parts of the orchard, the percentage of available soil moisture apparently would

be very similar irrespective of location. Replotting the curves of figure 1

on the basis of available moisture content using the moisture constants in table

1 results in correlation curves for the individual locations shown in figure 2.

All six curves are now thrown closely together, and a given stability determina-

tion indicates an approximately similar available moisture condition irrespec-

tive of the sampling location or soil variation from point to point. These six

separate curves, for all practical purposes, can be represented by one mean
curve, also shown in figure 2, and a stability determination at any one of the

sampling locations can be converted. to moisture availability with reasonable

accura.cyby u.se of this, mean curve,' At the individual locations the determi-

nations may tend to be slightly high or low, but the average of all will closely

represent the-orchard.
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In practice it would be sufficient to take the mean curve from figure 1 and

replot this curve in terms of available moisture rather than total moisture

content. The resulting curve would be substantially the same as the mean

curve of stability versus available moisture shown in figure 2, and is much

simpler to construct since it does not require detailed knowledge of the moisture

constants at each of the sampling locations.

Once such a curve is obtained for each foot of depth, 0-1, 1-2, and 2-3 feet,

etc., an availameter dial reading directly in moisture availability can be pre-

Fig. 2. Soil Stability Versus Available Soil Moisture in the O-I-Foot Derth in a
Commercial Pear Orchard near Medford, Oregon (1938)

Same data as in figure 1 except that soil moisture is expressed in per cent available

pared, as shown in figure 3. The dial shown has three scales of available

moisture, one for each foot depth. An optional scale in pound units of soil

stability is also shown. The dial may be shaded or colored in such a way as to

show the operator the soil moisture availability in relation to the need of his

crop for moisture. For instance, under average weather conditions tor the

heavier soils of the Medford area, a moisture availability above 50 to 60 per
cent has been found desirable for highest yields of pear trees, and therefore

that part of the dial, shown in figure 3, from 60 to 100 per cent available ca-

pacity might be colored green to indicate safety; below about 30 per cent
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availability, a red shading would indicate moisture deficiency; and the in-

termediate part might be colored amber, indicating that irrigation water

should be applied at the first opportunity, particularly in hot dry weather when

transpiration is high.

If the operator desires merely a general picture of the soil moisture condition

at any or all of the sampling locations, he notes the respective dial ^‘color’’

of each sample taken and the preponderance of any particular color value in

a series of samples. (It will be noted that the dial illustrated was not prepared

for the orchard soil of figure 1.) In case soil moisture conditions are to be

Fig. 3. Availameter Dial for Making Soil Moisture Determinations Directly in

Terms of Available Moisture

This particular calibration and the color zones are for a heavy clay soil (the gauge used in

connection has a retarded action above 24 pounds)

followed by the availameter in a number of irrigation blocks having materially

different conversion curves, it will be found more practical with the present

equipment to make readings in terms of soil stability and convert these to

available moisture using convemion curves or tabulated charts prepared for

each block rather than interchange dials on the instrument. It may be pointed

out here that on some of the orchards having relatively uniform soil included

in 'this, study, 'it was found that' soil moisture could.be determined.,in terms' of

total: moisture content equally as simply and accurately as in terms of avail-

able 'moisture'. ,



TABLE 2

Soil stability at mnous decrees of available soil moisture for a number of Rogue River Valley

orchards^ O-l-foot depth

FIELD WILT-
SOIL TYPE PLOT CAPAC- IHG

ITY POINT

per cent

moisture

Clay loam SCE 21.5 10.6

Sites fine sandy

loam sss 21.5 11.1

Medford gravelly

clay loam

Sites fine sandy

ECO 21.5 10,5

loam SSN 22.7 11.4

Meyer silty clay

loam. FHHB 22.9 11.5

Medford gravel-/ BCC 22.9 10.3

ly clay loam.

Sites fine sandy

BCH 23.4 11.8

loam FOW 23.7 12.0

Medford gravelly

clay loam

Meyer silty clay

BCB 17 24.5 10.3

loam FHS 24.6 9.8

Gravelly clay

loam VH 25.0 9.8

Clay loam sew 26.0 13.4

FH 27.0 13.4

Meyer silty clay
^

FF 27.3 13.6

loam MMF 28.7 14.2

MMH 28.9 14.1

Meyer clay KE 29.0 13.9

adobe \

Phoenix clay

BBH 29.7 13.0

adobe VAB 29.9 12.8

NOA 31.2 15.3

NMC 31.2 15.5

NMB 31.4 15.4

NOB 31.4 16.4

4D 31.4 15.0

NOC 31 .5: 17.1

FOE 31.6 14.6

FHN 32.1 14.0

NMA 32.3 15.6

Meyer clay

adobe. .......

4C
FES

32.7

32.7'

15.2

16.5

NFA 33.1 15.4

FEN 33.21 17.2

FWN 33.3 15.9

FWS 33.8 16.9

4B 33.9 16.7

NFB 34.3
1
15.8

NFC 34.4 16.0

FLEN 34.5 17.3

4 A 34.6 16.9

KW 35.0 14.7
,

SOIL MOISTURE IN PER CENT OF RANGE OF AVAILABLE
moisture

100
1

90 80
I

70 60
1

so 40 30 20 1- 0

pounds

5.2 7.1 9.3 11.9 15.4 20 25 31 40 49 65

3.8 4.9 6.8 9.2 13.2 18 24

4.0 5.3 7.3 10.3 13.5 18 23 28 34 41! 52

3.0 3.9 5.1 6.8 9.6 14 19 26 33 46; 60

4.4 6.4 9.0 12.1 15.5 19 23^ 30 40; 53 73

3.8 5.5 8.2 11.9 16.8 24

4.3 5.4 6.9 8.6 11.1 14 19 25 33 39 50

3.3 4.4 6.0 8.1 10.8 14 18

3.9

1

5.2 7.2 10.2 14.1

2.7 4.1 6.2 9.2! 13.7 19 27 39

4,9 6.6 9.5 12.9 17.8 25 31

3.7| 5.0 6.8 9.8 13.9

2.6 3.8 5.2 7.8 11.7 17 23 28 35 43 55

2.9 4.0 5.6 7.9 11.2; 14: 17 22 28 37 SO

3.2i 4.3 5.8 8.0 11. 2| 16;

3.4 4.4 6.2 7.9 10.7 15

3.6 5.0 7.0 9.9 14.2 19 24 30 3S 48 63

3.5 5.0 7.2 10.7 15.6 21 26

3.3 4.3 5.7
1
7.5 10.5 15 21 30

2.6 3,4 4.6 5,0 7.9 11 ' 15
' 19 26 34

3.1 4.3 5.2 1 6.6
;

8.9 12 15
;

19

3.4 4.5 5.4 1 7.0 9.0 ^ 12 16
'

21

3.1 3.9 5.1 6.8 8.4 11 14 17 23 3F I

3.0 3.5 4.3
: 5.8 8.0 11 15

;
20 26

3.1 4.0 5.0 6.3 8.2 11 14 17 ^ 22 28

2.6 3,4 4.5 6.5 9.1 13 18

3.8 4.8 6.4 8.7 11.2 ^ 15

3.3 4.2 5.0 7.0 9.3
!

12 16 21

3.0 3.5 4.1 5.2 7.1 10 14 19 ^ 24

3.4 4.3 5.5 7.5 9.2 12 16
I

21

3.0 4.1 5.1 6,8 9.2
;

12'\15

3.2 4.2 5.3 7.6 9.1 11 15

3.2 4.3 5.1 6.3
1

9.0 12 IS 19 26 37

3.3 4.2 5.2 6.9 l'8.5 11 14 19 .26 37
00 3.4 4.6 5.6 7.6 10 13 IS
00 3.8 5.0 i6.6 8.2 11 15

2.8
1

3,8 5.1 6.3 8.0 10 :14 19

3.3 4.0 4.9 6.1 1M 10 13 IS 26

2.9 3.4 4.6 6.0 7.8 10 14! 19

3.0 3.9 5.5 7.6 10.8 15| ,20! 26 34! 48

396
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TABLE 2—Concltded

.SOIL TYPE
1

1

PLOT
FIELD
CAPAC-
ITY

WILT-
ING
POINT

SOIL MOISTURE IN PER CENT OF RANGE OF AVAILABLE
MOISTURE

100
1

90 80 70
11

50 40
1

30
11

20 10 0

i

Per cent

j

moisture
pounds

Aiken day adobe. HCR 35.6
1

17.5 2.6 3.3 4.4 6.0 8.3 12 IS

Meyer day f FEES 35.8 18.2 3.1 3.9 4.9 6.2 7.4 10 13 18 24

adobe \ FLWN 36.0 17.6 3.2 3.9 5.0 6.2 8.1 11 14 19 28

Aiken day adobe. HCB 38.8 15.6 2.7 3.6 4.9 6.9| 9.7 14

Meyer day
adobe BCB 7 39.3 17.2 3.1 4.0 5.4 7.0 9.6 13

Phoenix day
adobe VNW 39.4 19.6 2.8 3.6 4.7 6.2 8.4 11 15

Coker day adobe. 401-45 39.9 18.4 2.6 3.4| 4.4 5.9 8.1 11

Phoenix day
[

VSE 40.4 20.5 2.1 2.7 3.5 4.7; 6.2 9 12

adobe
^

CP 41.7 21.7 1.9 2.4 3.3 4.3 5.9 8 10

1 RA 41.7 21.3 2.0 2.5 3.2 4.3 5.7 8

Coker day
J

401-95W 42.3 17.9 2.9 3.8 5.1 6.9 8.9 12

adobe \ 401-95E 44.8 18.8 2.8 3.8 5.2 7.5 9.1 12

CALIBRATION PROCEDURE

Calibration of the avaiiameter for the soil of a given orchard has consisted

of making stability readings with the avaiiameter and moisture content de-

terminations by oven drying of samples taken at selected sampling locations

over a period of time so as to include the widest possible range of soil moisture.

Over a 2-year period, approximately 50,000 determinations of soil stability

versus moisture content have been made on approximately fifty blocks of

irrigated pear orchards scattered over an area of 40 square miles in the upper

Rogue River Valley. The individual blocks varied from 1 to 40 acres. Ten

distinct soil types were represented with field capacities ranging from 19 to

45 per cent. Table 2 summarizes the major part of these data for the 0-1-

foot depth, showing the soil stability for different degrees of available moisture

between field capacity and wilting percentage. Space does not permit in-

clusion of data for 1-2- and 2-3-foot depths. Generally, however, stability

increases somewhat with depth for a given available moisture content. In

figure 4 data on the O-l-foot level in many of these orchards are shown in which

soil stability is plotted against total moisture content. Each curve represents

the average of three to six sampling locations, depending on the size of each

orchard, as do the data shown in table 2.

Replotting the data of figure 4 in terms of percentage of the available

capacity for 'each soil results in a much more compact group of curves similar'

to those 'in .figure. 2, Since soil .moisture in these orchards .waS' kept-fairly

highly available by irrigation, samples in the lower range of available moisture

could not be ''obtained directly in the field for caHbratiO'ii, As a part of "the

calibration study, therefore, sets of sample cores of, a few soils were taken in
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the field and, by air-drying each set for different periods of timcj the part of

the calibration curves covering the lower moisture contents were completed.

These determinations appear to compare favorably with those made directly

from samples taken in the field. As it is possible that changes in consolidation

of some soils during the air-drying process may be a factor in making a correla-

tion by this process, studies are contemplated in which several sets of samples,

taken when soil moisture conditions are near field capacity, will be exposed

to different periods of air-drying under controlled humidity. Stability and

oven moisture determinations on such samples may prove to be a means for

quickly preparing a complete calibration.

An examination of figure 4 shows that the stability-moisture curves range

across the chart in order from light to heavier soils as in figure 1. The slopes

of a few of the curves vary somewhat from the group, perhaps partly because

of the limited amount of calibration data obtained on some of them. The

open circles indicate the soil stability at field capacity for each curve. The

field capacity-stability trend from lighter to heavier soils is shown by the line

passing somewhat downward to the right through the group of circles. Aver-

age control curves computed from figure 4 are shown in figure 5. To use this

chart for calculating an approximate availameter calibration, it is first neces-

sary either to determine or to estimate the average field capacity of the orchard

block in question or to make one initial stability-moisture content determina-

tion for each foot depth at each of the sampling locations selected. In case

the field capacity value is known, a curve can be interpolated between those

shown on the chart, starting at the field capacity value on the field capacity

line and proceeding either graphically or by means of the formula shown.

The graphical procedure is much more convenient and certainly gives all

the accuracy that is justified by this approximate method. If the formula is

used, however, it should be noted that each equation that is set up applies

only to one straight section of the curve. Every curve changes shape at the

intersection with the dashed lines, and the coordinates of this intersection are

used as values of A and B in proceeding with the next adjacent straight section.

Values of exponent S may be interpolated from the values shown.

If one or two initial stability-oven moisture content determinations for

each location in the sampling area are plotted on the chart, an approximate

curve can be drawn passing through the average of these plotted points and

paralleling the adjacent control curves. The approximate field capacity will

be the intersection with the field capacity line.

It may be desirable that the approximate curve of soil stability versus total

moisture content thus obtained be converted to a soil stability versus available

moisture content curve for the best results at the individual sampling locations.

A value, for, the wilting percentage of the soil is needed for
.
this, conversion.

In the Medford area the permanent wilting percentage can be estimated from

the 'field capacity by the use of the curves in figure 6 showing the relation of

these constants for a number of local soils. It is desirable that the estimated
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values of both, field capacity and permanent wilting percentage as well as the

stability-soil moisture relation be checked by actual determination when con-

venient. Checking of the stability-moisture relation is best accomplished by
plotting the percentage available moisture as determined by the oven method
against that determined by the availameter for a number of different moisture

Fig. 6. Field Capacity Versus Permanent Wilting Percentage for a Number of
Orchard Soils near Medford, Oregon

conditions. By noting the deviation of the resulting
, curve trace from a curve

of true correlation, the necessary shifting of the assumed curve can be, de-

termined.
,

Tables 3 and 4 show a comparison of results obtained by the availameter

method and the standard oven method for a number of different orchard
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TABLE 3

Comparison of available soil moisture as determined by standard oven method and by the

availameter

SOIL DEPTH

DATE
,

0-1 foot 1-2 feet 2-3 feet 0-3 feet

Per cent of Available Moisture

Oven
Availa-
meter

Diff. Oven
Availa-
meter

Diff. Oven
i

Availa-
meter

Diff. Oven
Availa-
meter

Diff.

Plot FLWSN 0-3' FC « 33.4%, 0-3' WP = 17.6%, Meyer clay adobe

1939

3-1 91 92 1 93 93 0

j

99 96 3 94 94 0

4-4 68 68 0 88 86 2 96 95 1 84 84 0

4-21 42 42 0 59 61 2 80 81 1 60 61 1

5-11 27 26 1 38 38 0 53 53 0 39 39 0

5-27 31 29 2 32 31 1 45 42 3 36 34 2

6-21 62 62 0 69 72 3 63 63 0 64 66 2

7-6 29 29 0 34 36 2 39 39 0 34 35 1

7-26 45 46 1 46 47 1 39 39 0
1

43 43 0

8-14 45 45 0 49 49 0 41 41 0 i 45
:

45 0

8-22 75 73 2 46 46 0 34 35 1 52 51 1

9-1 49 49 0 : 52 51 1 39 39 0 47 46 1

9-13 19 19 0 23 24 1 24 25 1 22 23 1

Average Difference 0.6 1.1 0.8 0.7

Plot BAB 0-3' FC - 31.7%, 0-3' WP - 16.5%, Meyer clay adobe

1939

3-28 72 77 5 83 87 4 91 94 3 82 86 4

4-19 84 85 1 88 86 2 87 86 1 86 86 0

5-4 60 i 64 4 73 77 4 88 90 2 74 77
i

3

6-14
1

44 ! 48 4 45 47 2 47 48 1 45 48 ^ 3

6-29 60 56 '4
, 56 52 4 55 51 4 57 -

53'
1

4

7-31 32 32 0 41 40 1 39 38 1 37 37
I

0

8-21 38 38 0 37 37 0 38 39 1 38 38 0
8-26 82 79 3 65 63 2 63 61 2 70 68 ‘ 2

9-7
1 38 38 0 37 35 2 35 34

!

1 37 36 1 1

Average Difference 2.3 2.3 1.8 1.9

Plot FES 0-3' FC = 27.4%, 0-3' WP - 12.5%, Meyer silty day loam

1938

4-4 98 101 3 99 100 1 98 99 1 98 100 2

5-11 67 67 0 93 89 4 103 98 5 88 85 3
5-26 52 57 5 78 79 1 82 83 1 71 73 2
6-7 74 72 2 77 79 2 74 76 2 75 76

'

1

8-9 54 • 55
1

1 59 62
: 3 54 56 2 56 58

I
2

8-24 38 36
1

2 48 49 1 48 45 3 44 i 43 1 1
12-6 87 91 4 71 73

1

58 58 0 ; 72 74"
1 2

Average Difference. 2.4 2.0 2.0
i

1.9
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blocks and soils in 1938 and 1939. The result in each case is an average from

samples taken at three to five sampling locations, depending on the size of the

block. The availameter determinations were made on soil samples in the

field, and these same samples were then brought to the laboratory in sealed

containers for oven moisture determination. These tables include all avail-

ameter determinations made on each of these orchards during the season.

TABLE 4

Comparison of total soil moisture content as determined hy standard oven method a'nd by the

availameter

DATE

i

soil. DEPTH

0-1 foot
1

i-2 feet 2-3 feet 0-3 feet

Total Moisture Content in Per cent

DiS. Oven Oven

Plot BCO 0-3' PC — 23.3% approx., 0-3' WP = 11.8%, Medford gravelly clay loam

im
4-14 20.2 20.4 .2 22.3 22.2 .1 23.7 23.6 .1 22.1 22.1 0

4-21 19.9 20.2 .3 22,5 23.1 .6 22.8 23.4 .6 21.7 22.2 .5

5-4 20.1 20.8 .7 21.0 21.4 .4 22.1 22.3 .2 21.1 21.5 .4

5-18 18.7 19,3 .6 20.5 21.2 .7 21.5 22.1 .6 20.2 20.9 .7

6-6 21.5 21.2 .3 25.0 24.5 .5 23.2 23.0 .2 23.2 22.9 ,3

6-22 17.2 17.8 .6 19.8 20.3 .5 21.2 21.4 .2 19.4 19.8 .4

6-27 14.3 13.9 .4 16.8 16,7 .1 17.4 17.2 .2 16.2 16.0
i

.2

8-27 18.4 18.8 .4 21.2 21.5 .3 22.5 23.1 .6 20.7 21.1 .4

12-7
:

20.4 20.2 .2 21.1 20.7 .4 20.4 20.7 .3 20.6 20.5 .1

Average Difference ,4 .4 .3 .3

Plot GCH 0-3' PC = 22.6% approx., 0-3' WP = 11.6%, Medford gravelly clay loafn

ms
4-14 23.4 23.6 .2 22.9 22.9 0.0 21.6 21.9 .3 22.6 22.8 .2

4-21 21.3 21.2 .1 22.1 21.9 0.2 21.9 22.1 .2 21.8 21.7 .1

5-4 21.1 21.4 .3 22.1 22.5 0.4 20.9 21.6 .7 21.4 21.8 .4

5-18 18.8 18.4 .4 21.4 20.4 1.0 21.1 20.5 .6 20.4 19,8 .6

6-10 20.1 20.7 .6 22.2 22.2 0.0 23.3 23.4 .1 21,9 22.1 .2

7-7
'

;
21.7 20.9 .8 21. 4i 20.6 0.8 21.7 20.9 .8 21.6! 20.8 i .8

8—18
i

20.3 20,5 .2
i

21.4 21.5 0.1
!
22.3 22.6 .3 21. 3i 21.5 .2

,

12-8 21.8 21.1 .7 : 23.9 23.7 0.2 22.91 22.8 .1
!

22.9: 22.5 .4

Average Difference .4 0.3 .4 : .4

In table 3 it should be noted that the maximum difference between available

moisture determined by the oven and by the availameter' was as great as 5

per cent of the available capacity in only three cases of the 84 single-foot depths

shown and was within 2 per cent in over three-fourths of the tests. The.0-3-

foot average determination shows even better accuracy than this.

In table 4, showing total soil moisture content, the difference was as great
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as 1 per cent in only one case of the 51 individual-foot depths shown and was

less than 0.5 per cent in nearly three-fourths of the tests. This very close

agreement between results of the two methods is considered excellent proof

of the availameter accuracy.

Fora 6 Pafi®

Hole

Bo.

Depth
Seanple

Soil Stability by
Availameter

Available Moisture
io percent

Average
Avail-
ability

Reirtarks

1 0-1 16.1 14.9 19.7 19.8 38 40 30 50 54 7.5* from tree

1-2 15.9 19.7 17.8 19.6 40 31 35 31 54 K-n

2-3 16.2 l6.0 14.8 12.9 .38 44 47 52 45

"'z

"

0-1 12.0 lPt6 13,8 18.0 48 53 Jii:. 33 hh 4. 5 * from tree

1-2 13.3 13.4 15.7 18.0 48 48 JSL 42 J-12

2-3 iU.o 10.7 15.6 to 49- 60 44 55 52

0-1 19.5 15.8 15.5 15.1 30 39 JL. 40 57 15.0’ from tree

1-2 15.1f 10.9 12.8 13.6 48 57 50 47 50 1-13

2=3. _ 14.1 15.7 16.6 48 JL. 42 46

Jl^ 0-1 17.3 18.^ 18.2 14.1 ?? ?2 JL h2 55 12.0’* from tree

.1-2 16.1 16.0 18^2 I7f? 40 JL 56 57 E-12

. 2-3 U.6 16.8 16.1 13.5 56 42 JL 50 48

~
0-1 3^.5 17.6 13.5 40 42 34 4? 40 10 .5 ’ from tree

1-2 15.0 15.5 16.4 13.5 42 47 38 47 45 K-13

2-5 15.6 16.8 14.1 13.7 44 . 42 49 50 46

PLO iVH AGES

0-1 ac 38

11-2 3 4l

2-3 3 47

0-5 3 42

Detoraaiiiations Tgy J« M. Cale. lay C. F* R« Orohard F

Date taScen -JZ=£6=32-„ Checked C. F. R. Plot W. K.

iPiG. 7. Tabtilar Fokm Used in the Field eoe jEtecoKDiNG Soil Stability or Available
Son. Moisture Determinations as Made by the Availameter

The form shown in figure 7 is used to record availameter data in the field.

If a dial reading directly in terms of available moisture has been prepared,
the determinations on each of the four short 2i-inch cores (the width of the
sample holder) used from each 1-foot sample are directly recorded and aver-
aged. If soil stability only is being measured by the instrument, then that is
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recorded for each small core of each sample. These determinations are in-

dividually converted to available moisture by means of conversion curves pre-

viously developed, and the average is computed for the 1-foot sample. Varia-

tions in stability more pronounced than those indicated in figure 7 and

corresponding variations in moisture content of the short cores comprising the

1-foot sample are usual. Each stability determination must be individuaEy

converted to its corresponding moisture content because the relationship

between soil stability and soil moisture is not linear. This can be illustrated by

a hypothetical core consisting of two parts with widely divergent stabilities of,

say, 5 and 15 pounds. Using the mean curve of figure 2, the average of these

stabilities, 10 pounds, is equivalent to 58 per cent available moisture. The

equivalent moisture availabilities of each of the two stability determinations,

80 per cent for 5 pounds and 47 per cent for 15 pounds, average 63 per cent.

The second method is the proper one; use of the first would indicate a moisture

availability 5 per cent too low.

In our earlier work on the calibration of the instrument, oven moisture de-

terminations were made on each 2i-inch core and plotted against the corre-

sponding stability readings. This method required considerable precision in

weighing the small cores. Moreover, the calibration was carried on in con-

junction with regular soil moisture work in which the average moisture content

of a great many 1-foot cores was needed. It was found that labor could be

considerably reduced by making the oven determinations on whole 1-foot

samples (consisting of four short cores) and plotting the results against the

average stability (of the four cores) minus a small correction.

In the foregoing illustration, the sample contained an average of 63 per cent

available moisture as determined by use of the mean curve of figure 2. This

curve also shows that 63 per cent available moisture corresponds to a stability

of 8 pounds. The average of the stabilities of the two parts, 10 pounds, could

be plotted against the moisture content of 63 per cent when making a calibra-

tion curve, if a correction of 2 pounds were deducted from the average; that is,

10 — 2 = 8 pounds. Corrections of the average can be computed in this way
for any combination of stability readings. Any assumed curve similar to the

mean of figure 2 is sufficiently accurate for this purpose. These stability

corrections were computed for a large number of assumed conditions and

plotted in the form of charts, so that they could be rapidly applied to the data.

The number of 2i-inch cores in the sample unit, the arrangement of the read-

ings, and the maximum spread of the stability readings encountered among the

several short cores of the sample appeared to be the main factors determining

the amount of correction. Generally, if the stability spread is no greater than

one-half of the average, the correction can be disregarded.

Now that the shape of a stability-moisture content curve for a given soil

can be generalized fairly accurately (see fig. 5), however, it is much simpler,

as previously outlined, to assume this curve temporarily in making the con-

versions. Oven moisture determinations made on the same samples wiE
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indicate how much the assumed curve should be shifted for closer agreement.

In this way the use of the correction factors can be avoided entirely.

SUMMAEY

Calibration and use of the availameter in quantitative soil moisture studies

are shown. In the direct calibration method, soil stability measurements by

the instrument were compared with oven-dry soil moisture determinations

over a wide range both of soils and of moisture content. The correlation

curves thus obtained can be converted into terms of available soil moisture by

the use of soil moisture constants. A good correlation between availameter

soil stability readings and available soil moisture is shown even where soil

moisture constants varied somewhat from location to location in small areas.

A method whereby an approximate calibration may be quickly prepared from

limited local data is also presented.

Comparisons of soil moisture as determined by oven-drying and by the

availameter showed close agreement. The difference was less than 2 per cent

of the available soil moisture capacity in the great majority of cases on hea\^

clay soil. Comparisons in terms of total moisture content showed differences

of less than 0.5 per cent in most cases. Very little time additional to that

required to obtain the field samples alone is needed to complete the moisture

determinations by the availameter method. The complete operation is made
directly in the field without technical skill or laboratory equipment.
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SoiiSj like other bodies, must be defined and classified on the basis of their

characteristics, as pointed out by Marbut (13) and by de’Sigmond (26), and not

on assumed external soil-forming factors, such as geology and climate. But

soils cannot be classified like plants and animals, which exist as species and

between which there are no gradations. Soils form series showing all grada-

tions from one type to the other. They do not form a mosaic on the surface

of the earth but represent instead the continuous variation in the composition

and morphology of the pedosphere. Soils are parts of the pedosphere much
like the tissues of an organism, some difierentiated, some undifferentiated.

Soils, therefore, should not be treated as independent bodies but as morpho-

logical parts of a larger body, the pedosphere. The great soil groups of

Glinka (7) might be looked upon, from this point of view, as the anatomical

formations or organs of this body.

By an extension of this biological analogy, we get the following division:

The body = the pedosphere.

The anatomy = the great soil groups.

The morphology = the soil type as based on profile characteristics.

The histology = the textural units.

The protoplasm = the colloidal complex.

The physiology = the soil solution.

THE PEDOSPHEEE

Soils might be said to represent the sum of the mechanical and the products

of the chemical interaction of the four spheres: the lithosphere, the hydro-

sphere, the atmosphere, and the biosphere. They constitute a dispersed

system in which material from these four spheres alternate as dispersed phase

and dispersion medium. To this sphere of spheres the name ‘^^pedosphere”

has been given.

The constitution of the pedosphere will vary with the proportions and the

intensity of action of the different spheres which contribute to its formation.

The great variation of soils, of which no two are exactly alike, is an expression

of this variation in the activity or dominance of the different spheres. Thus

we have the mineral soils in which the lithosphere dominates, the organic soils

407



408 SANTE MATTSON

in which the biosphere dominates, the ground-water soils in which the hydro-

sphere dominates, and the dry porous soils in which the atmosphere might

be said to dominate.

Besides these four-sphere systems we meet with three-sphere and two-sphere

systems in which one or two of the spheres are absent. We have, in other

words, dispersed systems representing every combination of the four spheres.

The following examples of the different systems might be given:

LA = lithosphere + atmosphere systems. This is found in the barren desert where the

dispersed system consists o£ mineral particles and air. Here is neither water nor life.

AB == atmosphere -f biosphere systems. The uppermost part of the soil profile con-

sisting of the plant cover or the aerial dispersion of pollen might be given as an example.

HB == hydrosphere + biosphere systems. A pond with its countless organisms.

LH ” lithosphere -h hydrosphere systems. Waterlogged sand or clay under sterile

conditions forms such a system.

LAH =*= lithosphere 4- atmosphere -f hydrosphere systems. A system of earth, water,

and air but no life indicates sterile conditions such as the extreme types of solonchak (saline

soils).

LAB = lithosphere 4- atmosphere 4- biosphere systems. There can be no life without

water, but the remains left in dry places by migratory forms of life may result in such systems,

of which the guano deposits are examples.

HAB = hydrosphere 4- atmosphere -f- biosphere systems. The organic soils and forest

litter form such systems.

LHB - lithosphere 4“ hydrosphere 4“ biosphere systems. Waterlogged soils and lake

bottoms are examples.

Finally we have the four-sphere systems LAHB of which there are infinite varieties.

The fundamental factors of composition of a soil are those usually

expressed as air-space, moisture, organic matter, and ash. These factors ex-

press the proportions, in terms of volume and weight, in which the atmosphere,

the hydrosphere, the biosphere, and the lithosphere respectively, enter into

the make-up of the soil. In terms of volume the composition of the pedo-

sphere might therefore be expressed as follows:

L + A + H + B = 100

where the symbols represent the percentage volume of the component spheres.

THE ANATOMY OF THE PEDOSPHERE—THE GREAT SOIL GROUPS

If we imagine the earth stripped of all vegetation and plowed and harrowed,

and ourselves, on a cloudless day, transported to a point a few thousand miles

above the equator, we shall obtain a picture of the anatomy of the pedospliere

as here conceived. The great soil groups would reveal themselves by their

color, which, in soils, is not a mere pigment but an expression of constitutional

differences as these have resulted from the interplay of the lithosphere, the

atmosphere, the hydrosphere, and the biosphere. The anatomy of the pedo-
sphere is, therefore, based on these major components.

Now, soils might be grouped according to the dominance of L, A, H, and B,
but since no sharp lines could be drawn between such groups, a division of that
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kind would lead to confusion and would be, at best, very complicated. A
division must be simple and must be based upon as few factors as possible

and ones which allow a quantitative measurement.

Among the four spheres which contribute to the formation of the pedosphere,

the hydrosphere is the most dynamic. This is, of course, due to the mobility

of water, which undergoes cyclic changes from one to the other of the three

states of matter, the solid, the liquid, and the gaseous. In the cylic move-

ment of water great changes are wrought in the soil in the form of eluviation

and illuviation, and it is for this reason that the influence of the hydrosphere

forms the basis of most systems of soil classification. The degree of leaching

and the height of the ground-water level are intimately related to most of the

fundamental characters of a soil, among which the base status and the humus

content are the most important.

But we cannot, of course, classify soils on the basis of their water content,

which together with the air space varies in a complementary way from day to

day. The hydrospheric and the atmospheric components of the pedosphere

are both too variable to serve as a basis for classification.

The components of the lithosphere and the biosphere, which as percentage

residue and loss on ignition, respectively, give the solid materials of the soil,

are much less subject to fluctuations in a given soil. These components have,

therefore, rightly served as a basis in some of the earlier systems of classifica-

tion based on soil characteristics. We shall here express the material constitu-

tion of the pedosphere by the organic matter (humus) content which, in terms

of percentage, also gives the percentage of mineral matter as its complement.

Having found an expression for the fundamental differences in the composition

of the soil material, we must next aim to find an expression for the most impor-

tant condition of that material. In the writer’s opinion, this condition is

found in the base status. It is on these two factors then that the proposed

system of group classification is based. This gives us a “two-dimensionar’

system, within which we shall find a place for every soil.

The humus content

In figure 114 the soils are charted on the basis of their percentage humus
content and base status. With respect to the humus content the soils might

be divided into three main groups as follows:

I, Lithopeds <1 per cent organic matter

II, Humo-iithopeds 1-12 per cent organic matter

III. Humopeds >12 percent organic matter

Though this division rests, to some extent, on a hydrogenic basis, it does

not allow any natural lines to be drawn and is, therefore, not sharp. Some
division of this kind is, necessary, however, in order to group the soils on the

basis of their major components.



410 SANTE MATTSON

The base status

On the basis of the base status the soils naturally divide themselves into

three main groups as follows (19):

A. The “supersaturated” or alkaline soils

B. The partly saturated or semisaturated soils

C. The negatively base-saturated or acid-saturated soils

By this division we go a step beyond Marbut^s pedocals and pedaifers (13),

Robinson^s unleached and leached soils (25), and Gedroiz’s Na-, Ca-, and H-

^xcharrgcra
iorrs

[c/arr/rrrarr -iji i

So/^ar’/iorr &

£f'fhoca/eompUA

JZ OrTiS*/ •— — — — /^ZOrrrCf/

Fig. 114. A Classification of Soils on the Basis of Humus Content and Base Status

soils (6), in that we draw a line between the nonpodzolized and the podzolized

soils which are morphologically and chemically very different.

The above division gives us, then, nine subgroups as follows:

A I, Supersaturated lithopeds

B I. Semisaturated lithopeds

CL Negatively saturated lithopeds

AIL Supersaturated humo-lithopeds

B II. Semisaturated humo-Iithopeds

CIL Negatively saturated humo'lithopeds

A III. Supersaturated humopeds

B III. Semisaturated humopeds

C III. Negatively saturated humopeds
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If we consider a neutral soil to be 100 per cent saturated, then a soil which

is alkaline and contains carbonates and in many instances considerable amounts

of free salts must be looked upon as supersaturated. In the presence of salts,

as in unleached soils, the capacity to bind base is greatly enhanced. A solon-

chak liberates a great amount of base when leached of its salts and is thus

coverted into a solonetz through the formation of sodium carbonate.

The negative base saturation expresses that condition of a soil in which

it contains a greater amount of combined acids than combined bases. The

base status of a soil must be expressed by the percentage net base saturation.

Thus at zero saturation the soil contains equal amounts of combined acid and

base. Only a completely dialyzed soil can be absolutely unsaturated. Such

a soil probably does not exist in nature.

How far the completely leached soils, such as the podzols and the iaterites,

become saturated with acids in excess of bases has never been determined, but

that acid anions can be present in excess of metal cations is an established fact.

Thus a B2 sample of the Haggbygget podzol yielded 1.6 m.e. SO4 ions per

100 gm. when treated on the steam bath first with ammonia and then with

NH4CI solution. The total electrodialyzable bases of the same samples

amounted to only 0.3 m.e. The Las Mesas laterite (22) showed much greater

differences. With the same treatment, the four samples (I = 0-12 inches,

II = 12--23 inches, III = 26-38 inches, and IV = 43-58 inches) from the

surface down to 58 inches yielded 2.6, 6.8, 4.7, and 4.6 m.e. SO4/IOO gm.

respectively. The surface concretions gave 4.7 m.e./lOO gm., whereas the

parent material of serpentine rock showed no SO4, whether by displacement

or by fusion analysis. The laterite yielded mere traces of electrodialyzable

bases. The sulfate ions are held so tightly that they are readily displaced

only by the OH ions (probably also by PO4). That the sesquioxides which

precipitate in the B horizon of the podzol profile are more or less saturated

with acids is not surprising, for having arrived there in the form of a cationic

(add'Saturated) sol complex, they could not be o&erwise. Nor is it surprising

that the highly desilicated and strongly basoidal Iaterites fix more anions than

cations from the percolating soil solution.

The base status can be determined by the following method:

1. The soil is electrodialyzed until completely desaturated. Saline soils containing

chlorides should first be washed free from Cl, which otherwise dissolves the anode metal.

The electrodialyzed soil is electrometrically titrated to pH 7 by standard calcium hydroxide.

This gives the capacity C of the soil to bind Ca at pH 7.

2. The original soil is titrated to pH 7 in the same manner. This gives the total acidity

S', which represents the sum of the exchangeable hydrogen ions (the free acidoids) and the

free and the exchangeable acids. If the soil is alkaline, i.e., supersaturated, it will contain an

amount of base h in excess of C. Because of the presence of carbonates, this base cannot be

found by back titration. For want of a better method, therefore, the following may be used*

The soiiis washed practically free from salts, and the pH is determined. ' The amount of base

that the soil will bind at this pH is then read off from the titration curve of the electrodialyzed

soil. This amount 'gives C + 6.
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Now, the net amount of base (base — acid) in an unsaturated soil is C

This difference becomes negative in the negatively base-saturated soil where

E > C. The net percentage base saturation or the base status thus becomes

1
C±h
C

100 « > 100 in supersaturated soils;

2
C-H
C

100 == 0-100 in semisaturated soils; and

3
C-H
C

100 = <0 in negatively saturated soils.

Solvation and eluviation

All leached soils fall, further, into two natural groups as follows (18):

1. Anionically solvated and eluviated.

2. Cationically solvated and eluviated.

Anionic solvation and eluviation. As long as a soil possesses a positive base

status, the primary silicates and the gel complex undergo a basic hydrolysis

during which ionized addoid groups split off and become solvated in associa-

tion with the exchangeable cations. A movement of the soil solution results

then in an eluviation of acidoids (upward or downward) in the form of an

anionic sol complex, thus leaving a lithocol gel complex which is richer in ba-

soids (chiefly sesquioxides) and poorer in acidoids (chiefly silica).

Since the pH of a soil normally increases downward, the anionic sol complex

cannot be precipitated in the lower horizons where its ionization must, on the

contrary, increase. Nor can this complex, which is extremely highly dispersed,

be caught by infiltration as in the case of the deflocculated primary soil par-

ticles. Anionically eluviated soils show, therefore, a fairly uniform composi-

tion of the colloidal fraction throughout the profile.

Many soils, however, which belong to the anionically eluviated group such as degraded

chernozem, prairie soils, and the gray-brown soils show an increase in sesquioxides with

depth. These soils are therefore said to be podzolized. Since these soils often possess a

relatively high base status which, together with a high content of humus acidoids, precludes

a cationic eluviation (podzolization), this conclusion is, in the writer’s opinion, erroneous.

It must be remembered that the smallest particles which possess the greatest surface have

been subjected to a greater anionic solvation and are therefore richer in sesqmoxides than the

larger particles. Now when the leaching has reduced the free electrolytes and the exchange-

able Ca to a certain critical point the aggregates will deflocculate and the smallest particles

will be washed down, either to become refloccuiated or to be infiltrated In a lower horizon.

It is therefore necessary that we distinguish between physical deflocculation and chemical

solvation and the changes brought about by these processes.

The extent to which soils become anionically eluviated by the time they

reach the zero position with respect to the base status will depend on the pre-
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vailing pH. The sesqnioxides combine with, and precipitate isoelectrically,

more silica in an acid than in a neutral medium. Ferric and aluminum hydrox-

ides are isoelectric at about pH 7 and 8 respectively and bind no silica above

these points (15).

Where the weathering is intensive and where there is but a slight accumula-

tion of humus acidoids, as in the humid tropics, a relatively high pH will

prevail, and the leaching of the bases will be accompanied by an extensive

solvation and eluviation of the silica. This will therefore result in the forma-

tion of ferallitic soils (cf. tropical humid branch in figure 114).

In the colder regions where the chemical weathering is much slower and

where there is an accumulation of humus acidoids, the pH will be lower and
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Fig. 115. A Scheme to Show the Relationship bettoen the Composition op

THE LiTHOCOLS (MINERAL COLLOLDS) AND THE PREVAILING pH AS BASED ON
THE Composition of the Isoelectrically Precipitated Silicates

more silica will be left in combination with the sesquioxides at the time the

soil has reached the state of zero base status. Such soils might be said to be

of the siallitic-ferallitic type (cf. temperate humid branch in figure 114),

At the point of zero base status the pH of the soil is very close to that of

the I.E.P. (= isoelectric point). The latter has been adjusted by the

anionic solvation and eluviation to coincide with the prevailing pH. The
pH of the unsaturated ferallitic soils and their I.E,P.’s are, therefore, both

relatively high (6 to 7 or more), whereas the corresponding values in the siallitic-

ferallitic soils are as much as 2 to 3 pH units lower. This is all the result of

an isoelectric weathering by anionic solvation and eluviation.

This process is schematically illustrated in figure 115. The composition
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of the original igneous rock is based on the data presented by Clarke (4), which

give 4.27 mols of silicate silica (quartz omitted) and 1.45 niols of strong bases

to each mol of M2O3 . The composition of the completely leached gel is as-

sumed to be the same as the composition of isoelectricaliy precipitated alumi-

num and ferric silicates. This composition of the two series of silicates has

here been roughly interpolated. The pH values in the different regions

refer to the zone of weathering in the soil. In the presence of humus acidoids

the pH value may sink considerably below 4, but then the I.E.P. will also

be lower. But even in the presence of much humus acidoids, a pH of 4 is

probably about the lowest limit for a dominantly anionic solvation of the

lithocol complex.

During the process of weathering in the acidic medium the humus acidoids,

being stronger than the silica, will cause a partial displacement of the latter.

These humus acidoids are not included in figure 115, which deals with the

lithocol complex only. The amount of combined silica at the point of zero

base status should therefore be smaller than that calculated on the basis of

the composition of the isoelectric silicates.

It appears to be chiefly the iron which thus combines with the humus acid-

oids, Now since the humus is subject to decomposition, ferric oxides will

be liberated, and this is, in the author^s opinion, the explanation why all

unsaturated, siallitic, automorphous soils develop a brown coloration. Such

soils should therefore be classified as siallitic-ferallitic. Such soils yield, if

sufi&ciently unsaturated and after the humus acidoids are destroyed by heating

(8), an exchange alkalinity in a dilute sodium sulfate solution. The ferallitic

soils, of course, show this reaction to an even greater degree.

The theory here outlined is not only supported by the composition of the

pedocols (= soil colloids, including lithocols and biocois) in different humid

latitudes but also by their complement, the dissolved materials in river water.

Thus from the data of Clarke it was found that the ratio silica/strong bases

increased progressively from 0.19 to 1.55 from the rivers of the St. Lawrence

basin to the rivers of British Guiana (17). This means that the bases carry

a greater equivalence of silica in solution in the tropics than in the colder

regions, exactly as shown in figure 115.

Silicic acid is not a complete acidoid in the sense of the higher humus acidoids.

In the free state, silica is rather soluble. It occupies a position between the

humus and the phosphoric acidoids (the amphoteric phosphates which form a

completely soluble acid when hydrolyzed). The isoelectric silicates of M and
Fe precipitate in the presence of considerable dissolved silica. The Iiumates

are completely precipitated. When silica is liberated from the sesquioxides

by the alkaline hydrolysis, it carries little or no A1 and Fe in the anionic solvate.

It virtually alone is eluviated, therefore. In the solonetz and the solodi, where
there is little or no eluviation, the silica is thrown out in the amorphous form.
The humus acidoids behave differently. They form very stable amphoteric

compounds with A1 and especially with ferric iron. These compounds hy-
drolyze only partially above or below their I.E.P., at the reactions prevailing
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in the soil. The anionic humic solvates will therefore carry considerable A1

and especially Fe in ^^solution” just as the cationic solvates will carry humus

acidoids in “solution.’’ The only difference between the two types of solvatesj

besides the sign of charge, is that the anionic sol complex is richer in humus

acidoids and the cationic sol complex is richer in sesquioxides than the parent

gel complex (3).

The humus acidoids are always more or less combined with the sesquioxides

in the unsaturated, siallitic-ferallitic, and especially in the ferallitic soils.

Some of the sesquioxides undergo, therefore, an anionic solvation and eluvia-

tion in association with the humus acidoids.

The tendency for this form of eluviation will depend on the nature of the

humus acidoids. Humus acidoids formed under the conditions of a high base

status possess a much higher capacity to bind base than the humus acidoids

formed in an acid medium; in fact, the capacity of the former may be as much
as three times that of the latter. The equivalent weight of the former is lower,

their molecular aggregates are smaller (= shorter chains?), and their tendency

to disperse is greater. The humus acidoids of the “mild” humus are also

stronger than the “sour” humus acidoids (23).

In the degradation of the chernozem the humus acidoids are, therefore,

more rapidly anionically solvated than in soils formed under more acid con-

ditions, Some A1 and especially Fe wiU be mobilized in association with humus.

This may give rise to the appearance of “podzolization.” The same explana-

tion accounts for the “podzolization” of the solodi at a pH which precludes

any cationic solvation.

Where the movement of the anionic solvate is upward, as in the laterites

during the dry period, a peculiar situation will arise. In the laterites the

humus acidoids are formed at a relatively high pH. The humus acidoids

should, therefore, possess the aforenamed properties of “mild” humus. Most

or all of these acidoids should, therefore, exist in combination with the large

amounts of free sesquixoides. The I.E.P. of the latter is thereby lowered,

and small amounts of the humates will, at the prevailing pH, undergo an

anionic solvation and be carried to the surface by the upward movement of

the water. Here the complex would again be eluviated downward during the

wet season if it were not for the inevitable fact that the humus acidoids will

suffer a decomposition. The sesquixoides are, therefore, irreversibly pre-

cipitated and thus form the lateritic crust.

The ferric humates having the lowest I.E.P. will be the most strongly elec-

tronegative, will be the first to move and the last to be precipitated. Vageler

(28) asserts that the uppermost layer of the crust, as a rule, is enriched in Fe,

whereas a little deeper, A1 shows the greatest accumulation. This is the op-

posite to the cationic eluviation in the podzol. Here the Al-humates are

most strongly electropositive, are the first to move and the last to precipitate

(ef. below). The facts seem, therefore, to confirm the theory that the lateritic

crust is the result of an anionic solvation and eluviation.

Cationic solmtion and eluviation. At the zero base status the soil contains
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small but equivalent quantities of combined acids and bases. The solvation

here is at a minimum. Anionic and cationic fragments may split off, but

above a sufficient concentration they will mutually precipitate each other.

Figure 116, which is adapted from part XIX of this series ^8), shows such a

minimum. The soil material is from a podzol B-horizon and gives a mini-

mum at pH 4.7. The pH was adjusted by NaOH and HCl in a NaCl solution.

In the absence of organic and mineral acids the zero base status would

be the end state of a leached soil. The laterites are perhaps the only soils

which attain this condition (28). Carbonic acid cannot alone bring about a

cationic solvation. But oxidation spells decrease in basicity or increase in

acidity and wherever oxidizable material gets into a well-drained soil there

will be a decrease in bases or an increase in acids:

2 FeO Fe203 ,
MnO MnOg, S SO3,

2 NH3 N2O6 and RCH2OH RCO2H

The only thing preventing nature from running amuck in the next step

in the oxidation of organic matter (RCO2H xCO^) is the fact that the reac-

tion which would form large quantities of a strong acid (ka about 1 x 10^®)

COs + HsO^HaCOa

does not proceed very far. Besides, nature had other functions for CO2 to

perform and so made it a gas.

An accumulation of organic matter must, under leaching conditions, lead

to an excess of acids. Having all its acidoid groups occupied by H ions, the

basoid groups of the gel complex will begin to function. This will lead to

an acid hydrolysis and to a cationic solvation and eluviation.

The pH at which this solvation will begin depends not only on the acidoid/

basoid ratio but also on the buffer capacity for acids and on the nature of the

acid anions. The latter determine the magnitude of the charge and, within

certain limits, the position of the I.E.P. A ferallitic soil will begin to bind

acid anions at a relatively high pH, depending upon the nature of the ions, but

the cationic solvation does not seem to occur before the pH has sunk to about

5 (28). Siallitic soils and soils having a high content of humus addoids seem

to be stable down to a pH of about 4.

Aluminum compounds solvate cationically at a higher pH than those of

ferric iron. This is because alumina is a stronger base and its compounds have

a higher I.E.P. than the corresponding ferric compounds. (If a ferallitic

soil is treated with ferric chloride, ferric oxide will be deposited and Ai will

pass into solution.)

The movement of iron in the soil is, however, complicated by Its conversion into the

ferrous form. All laboratory prepared cationic solvates from podzol profiles have shown the
ferrous reaction. Ferrous hydroxide is the strongest base of the three and was found to be
isoelectric at aboutpH 9. In spite of this the ferrous silicates possess a relatively low I.E.P.

and are rather soluble even at this point, as is shown in table 161.
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The I.E.P. was determined as in the isoelectric precipitation of the aluminum and ferric

silicates (15). The precipitates, which were very voluminous around the were dark

green at high pH, brownish green at the I.E.P., and at a pH near 5 they became rusty brown

and small in volume. The ferrous iron in combination with humus (3), passes into solution

at a much higher pH than A1 and ferric iron. The oxidation, as indicated by the brown color,

took place in spite of all possible precautions. At a pH below 7 all precipitates became de-

TABLE 161

The composition of isoelectric mixtures of FeCl% -}- N(hSiO^ -f HC/ or NaOE
Millimols in 2 liters

NUMBER
IN SYSTEM IN SOLUTION IN FLOC COMPOSITION

OP FLOC
SiOa/FeOFeCh NaaSiOs FeO SiOa FeO SiOa

I 10.0 3.63 0.63 0.22 9.37 3.41 0.364

II 10.0 7.25 2.75 2.46 7.25 4.79 0.66

III 10.0 14.50 4.50 8.29 5.50 6.21 1.13

Fig. 116. A Schematic Representation op the Anionic and Cationic Solvation in a

Suspension of a Podzol BrSAMPLE, 200 Gm. in 2 Liters, the pH Being

Adjusted with NaOH and HCl in 0.01 N NaCi Solution

The colloids include humus, SiOa, and

Fig. 117. The Development of the Podzol Profile according to Aaltonen

The figure, modified by the author, shows how the B horizon grows from the bottom up

cidedly more add (by 2 pH units or more), and the electronegative ones changed to positive

by the addition of hydrogen peroxide. These observations give us an appreciation of the

complications in the mobility of iron which arise when ferric iron is reduced to the ferrous

condition. In the presence of easily oxidizable organic matter some iron is bound to be

reduced. The movement of iron in the form of complex anions has been suggested, but this

would not account for the precipitation in the B horizon.
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The cationic sol complex, unlike the anionic, must always precipitate in the

B horizon when it encounters a suflSiciently high pH. The lower the I.E.P.

of the complex, the sooner it will encounter that barrier below which it cannot

pass. Hence the material precipitating in the upper B horizon is richest in

humus and is, at least in the drier profiles, relatively richer in ferric iron than

in aluminum. In podzolization the order in which the two elements move is,

therefore, the reverse of that in laterization, exactly as the theory demands:

in podzolization the cationic Al-complex is the stronger positive and moves

deeper down, whereas in laterization the anionic ferric complex is the stronger

negative and moves higher up.

Aaltonen (1) has made the interesting observation that the younger the

podzol profile, the deeper is the illuviation maximum in the B horizon: the

horizon grows from the bottom up, A theoretical consideration would lead

to the same conclusion because in the early stages of the cationic solvation in

the A horizon the parent gel is richer in sesquioxides and will, therefore, at a

given pH yield a sol complex with a higher I.E.P. than will be the case later at

a more advanced state of eluviation.

Figure 117 is adapted from the work of Aaltonen in a form which has been

somewhat modified by Mattson and Lonnemark (21).

The cationic eluviation in the A horizon and the precipitation in the B horizon

lead to a differentiation of the material in such a way that an isoelectric gradient

is established which approximates the prevailing pH gradient of the profile. The

isoelectric weathering leads to a stabilization of the soil material whether it be by

an anionic or a cationic solvation and eluviation or by precipitation.

^Todzoh’ means ashlike (from the usually ash-gray color of the k% horizon),

but it must be clearly understood that the differentiation in the podzol, profile

must be governed by the acidoid/basoid activity ratio. A podzolized horizon

might be bleached, dirty gray or black depending upon the color of the domi-

nant acidoids, i.e., silica or humus.

The exchange reactions (pH in water minus pH in O.OliV Na'iSOi) give the

simplest and surest indication of the degree of podzolization (22).

Since the podzols are cationically eluviated only in the A horizon they give

rise to what might be called A-sialiitic/B-ferailitic soils (cf. fig. 114).

Reaction and base status

The pH of a soil does not tell us anything about its base status except that,

by definition, the soil is 100 per cent base saturated when, in the absence of

salts, the pH is 7. A solonchak has a lower pH than a solonetz although its

base status is higher. If the salts are leached out of a solonchak it becomes
more alkaline in reaction because of a release of bases. A laterite of zero base
status has a much higher pH than a gray forest soil of the same base status.

The I.E.P. of the laterite is correspondingly higher and It might, for this reason,

have a pH as high as an 80 to 90 per cent saturated prairie soil The belief

that the laterites are very acid soils because of their low base content is errone-
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ous. As Joffe (10) rightly observes, the base content cannot serve as

a criterion.

The exchangeable ions

The division of soils on the basis of the dominant exchangeable cations as

proposed by Gedroiz (6) is useful and should be retained.

The displacement of the ions takes place according to the mass law as ex-

pressed by the equations

(H+)i ^ (Na^)i ^ V(C^
(H+)„ (Na+)„ V(Ca++)’

and

(OH~), ^ ^ V(A^i
(OH-), (Al. V(A-).

where ( ) denote activity in the inside, i, and in the outside, o, solution re-

spectively and A"“ and A”" monovalent and divalent anions (22).

From these equations we can make the following deductions:

In high concentrations in the outside solution (approaching that of the inside micellar

solution) the monovalent ions have about the same displacing power as the divalent ions.

In saline soils, in which the activity of Ca ions is limited to the solubility of the carbonate and

sulfate, the Na ions will, therefore, dominate in the exchange complex.

In low concentrations in the soil solution the displacing power of the divalent ions is

enormously greater than that of the monovalent ions (0.000001 Ca"*^ would balance 0.001

Na'^ in the soil solution at an inside activity == 1). When a soil is leached, therefore, the

Ca-ion concentration maintained by the carbonate and sulfate will displace most of the

Na ions.

The lower the acidoid content, i.e., the capacity to bind base, the greater will be the domi-

nance of the Ca ions because a larger percentage of the Na ions must be displaced to satisfy

the equEibrium. Hence the monovalent ions wEl be more easily displaced in a sandy soil

than in a clay soil or, putting it the other way, a much lower Ca-ion concentration will be

required in the soil solution to maintain a given percentage Ca-saturation. A soil of low

exchange capacity might be looked upon as a dUuted soil of high capacity. If a soil saturated

with Ca and Na ions and in equilibrium with a solution of these ions be diluted 100 times with

water, then a certain amount of Na will be displaced by Ca. To maintain the original per-

centage saturation with Ca and Na the Ca ions would have to be diluted 10,000 times, or

100 times more than the Na ions (22, table 115).^

^ In a recent paper Jenny and Ayers (9) have come to the conclusion that the percentage

of an ion (K) displaced by another ion decreases with decreasing percentage saturation with

K ions. This is contrary to the mass law, according to which the same ferceniage of a mono-

valent ion should be displaced at a given actmty of the displacing ion independently of the

degree of saturation. The electrostatic forces must be the same whether a positive charge

sits on one or the other atom of the same size, in wMch case the activity coefficient will be

the same. Jenny and Ayers varied not only the percentage saturation but also the amount

of soil by adding, for example, NH^clay to the K-clay. For a certain percentage displacement

of K under such conditions the mass law demands 100 times greater concentration of the

displacing ton in a system containing 1 gm. K-day and 99 gm. NH4-clay than in a system

containing only 1 gm. K-clay (assuming the activity coefficients of and NH4
'*’ to be equal).

By substituting the activity for the “oscillation volume” and applying the mass law it would

seem that the results of Jenny and Ayerswould confirm this law but not their conclusion.



420 SANTE MATTSON

The H ions are slightly dissociated by the acidoids. Their activity in the micellar solution

being low, they will, even in a low concentration in the soil solution, actively begin to displace

the Ca ions.

Before the soil complex has become unsaturated with metal cations it will begin to bind

acid anions, the trivalent and divalent ones long before the monovalent. This will tend to

conserve the remaining cations.

The pH at which the soil binds an equal amount of anions and cations, i.e.,

the equi-ionic point (E.I.P.), and the amount combined will, of course, depend

on the nature of the ions and on the acidoid/basoid activity ratio in the com-

plex. The lower this ratio and the higher the valence of the anions in relation

to the cations, the higher is the E.I.P. and vice versa. The more balanced the

activity of the acidoids and basoids, that is, the nearer the ratio approaches

unity, the greater will be the amount combined. Further, the greater the

concentration of the colloid and of the ions in solution, the greater also is, of

course, the amount combined. Considerable quantities of ions may thus be

held at zero base status, i.e., at the E.I.P. (22).

It should be pointed out that we have no knowledge about the actual quan-

tities of H and OH ions present in the complex. At the E.I.P. a certain

proportion of the acidoid and basoid residues must combine to form an inner

salt and water. Conversely, at high and at low pH the complex must be

hydrolyzed, thus increasing the basoid and acidoid residues respectively. The

^‘excess” Na ions in a supersaturated soil may, therefore, never have displaced

any H ions.

It should also be pointed out that the humus layer of acid soils is probably

very seldom negatively saturated with bases, except under special conditions,

as when sulfides are oxidized to sulfuric acid in large amounts. The humus
acidoids are themselves stronger than most weak acids and can not, therefore,

be fully desaturated by the latter. The mineral acids are usually more than

compensated by the strong bases.

THE HOEPHOLOGY OF THE PEDOSPHEEE—SOIL TYPE AND SOIL SEEIES

The anatomical parts of a body are differentiated on the basis of their mor-
phology. The soils within a group will differ in an analogous way to the tissues

of an organ. The morphological differences of soils give us the soil type, and
this must therefore be based on soil profile characteristics. These should

include the nature of the vegetation, the ^^V-horizon’^ which properly belongs

to the soil profile, in addition to the profile characteristics usually studied.

Soils show all gradations in composition and properties. A limited number
of type names, therefore, can not adequately classify all soils. The merit of

the system proposed here (fig. 114), if it has any, is that it obviates this limita-

tion by making a graded classification possible. Wherever a main type is

established it will be found to grade continuously with respect to its humus
content and base status into the adjoining main type. Each main type forms,
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therefore, whole series in which the differences can be expressed by numerical

values with respect to humus content and base status and thus be located on

the chart.

In the dominantly automorphous (climatogenic) soils the series will be zonal

and might, therefore, be called “geoseries,” The dominantly hydromorphous

(hydrogenic) soils are azonai and form hydrologic series.

The geoseries must necessarily show an orderly arrangement when charted

as in figure 114. Thus, from the neutral chernozem series, high in humus, to

the supersaturated serozem series, low in humus, the geoseries must occupy a

certain belt on the chart (the tropical arid zone). Whether the “curve” along

which the names are written represents, even approximately, the true relation-

ship, the writer does not know. It is merely intended to show the trend. The

northern chernozems in the United States would undoubtedly occupy a differ-

ent position from that of the southern, for example.

The leached, unsaturated, and negatively saturated geoseries are placed

in three zones which branch off from the degraded chernozems and the prairie

soils, to wit, the temperate humid zone, the tropical humid, and the tropical-

humid/arid zone. Here again the position of the “curves” with respect to the

humus content of the main type of each series is subject to adjustment. With

respect to the humus content the series of the different zones must be expected

to overlap.

The chernozems are assumed to occupy the peak with respect to the humus

content, which in humid zones decreases with decreasing base saturation, the

more so the higher the temperature. The laterites may become slightly

negatively base saturated but they never become podzolized, since no plants

can grow on their fully developed crust (24).

The dominantly hydrogenic (hydromorphous) soils occur as azonai types

wherever the ground-water level is high enough to dominate the soil processes.

They form locally, often within a few meters (21), hydrologic series from one

to another type of soil. Any of the zonal soil types must grade into a hy-

drologic series wherever an impeded drainage so dictates. Thus the zonal iron

podzol will develop into an iron-humus podzol, a humus podzol, and a bog soil

(27). The more or less base-saturated zonal soils will grade into meadow and

marsh soils or other allied soils. This is indicated by arrows in the figure.

The hydrologic series will, of course, often show a bilateral gradation, with the

drier forms (less humus) on one side and the wetter forms on the other side of

the main type. A hydrologic series, further, may be more or less complete or

it' may be fragmentary.

The completely subhydric soils like the bog soils are, with some exceptions

(12) not cationicaliy eluviated. The pH of the ground water is usually rela-

tively high, and the soils, therefore, are more or less base-saturated. Ferrous

iron is removed in solution, but both ferrous and ferric iron and aluminum

might to some extent be anionically solvated and eluviated with the humus.
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TEXTURAL VARIETIES

We have compared the soil types, as parts of the pedospliere, to the tissues

of an organism. Now, tissues are made up of histological units, and soils are

in an analogous way made up of textural units. On the basis of their texture,

soils are classified into textural varieties according to the generally adopted

methods of mechanical analysis.

THE PEDOCOLS

The histological units of an organism, the cells, contain the ultimate units

of living matter in the form of the colloidal protoplasm. Even here our analogy

is applicable. The ultimate, aggregate units of the pedospliere, which we

collectively call the ^‘pedocols,’’ might be compared to the protoplasm of the

living organism.

The pedocols consist of lithocols and biocols.

The biocols represent a continuous series of ampholytoids from those having

a relatively high I.E.P., a low acidoid strength, and a low base-binding ca-

pacity, i.e., “sour’^ humus, to those having a very low I.E.P. with strong acidoid

properties and a high base-binding capacity, i.e., humus (23).

The lithocols are of at least three kinds:

Primary silicate particles of colloidal dimensions such as those found in the glacial clays

(“rock flour”)

Secondary clay minerals such as the kaolinite, montmorilionite, and illite series. (Cf. a

great number of publications on X-ray analysis by Endell, Grim, Gruner, Hofmann, Hendricks

and Fry, Kelley and coworkers, and Marshall and others.)

The heterogeneous gel and sol complex of indefinite composition consisting primarily of

combinations of the hydrous oxides of Al, Fe, and Si and compounds of C (humus). For tMs

complex the name “alfesic” (AlFeSiC) complex has been proposed (19).

The alfesic complex exists in the soil as discrete aggregates and as surface

layers on the crystalline particles. Each mineral particle possesses a micro-

pedosphere of its own, a layer of a different composition from that of the in-

terior, resulting from the interaction of the free surface valencies with the

material of the external medium. The alfesic complex assumes a higher I.E.P.

the farther the anionic solvation and eluviation have progressed. The un-

saturated siallitic-ferallitic and, especially, the ferallitic soils yield, therefore,

an exchange alkalinity in a dilute sodium sulfate solution if the hiiinus, if

abundant, is first destroyed by heating (to about 275^C,).

To what extent the clay minerals possess amphoteric properties has not

been determined. Electrodialyzed siallitic soils yield no exchange alkalinity

in neutral salt solutions. Remozow (24) found that among the anions only

the phosphate ion was adsorbed by such soils.

The colloidal behavior of glacial clays (primary silicates) is much less pro-

nounced than that of chemically weathered clays (secondary, hydrous clay-

minerals) as measured by the volume of floe and by the sweEing. Thus an
ultrafraction of the glacial Ancylus clay (exchange capacity = 31 m.e./lCX) gm.)
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swelled, in the Na-sattirated condition, to a volume of only 1.6 cc. and yielded

a volume of floe of only 20 cc. per gram. The ultrafraction from a completely

decomposed amphibolite bed (exchange capacity 84 m.e./lOO gm.) gave a

swelling of 10.7 cc. and a volume of floe of 158 cc. per gram, which is of the same

order as that of bentonite. This difference is probably due to a difference in

the number of particles per gram. The reported lattice swelling could hardly

account for the differences.

The colloidal behavior and the capacity to bind base of the secondary

lithocols vary greatly with the position of the I.E.P. and therefore, in a general

way, with their composition. The siallitic colloids having a low I.E.P. possess

a high capacity to bind base, swell greatly in the Na~saturated condition, yield

a voluminous floe, and are highly plastic. The ferallitic colloids possess these

properties to a much smaller degree (16). The particles appear to be smaller

in the former than in the latter type (2). The writer has attempted to explain

this on the basis of the theory that there must be a certain relationship between

the number of charges and the surface, that is, the particle size would attain

stability only at a certain density of charge (14).

Among the most important colloidal factors in soil classification the following

might be given

:

The amphoteric behavior as expressed by the exchange reaction of the electrodialyzed

soil or colloid in a dilute sodium sulfate solution.

The ^‘coiloidality^^ as expressed by the volume of floe of the clay fraction obtained in the

mechanical analysis.

The composition of the colloidal fraction with reference to the silica/sesquioxide ratios.

The base-exchange capacity.

Of these the first two factors are very easily evaluated and should, therefore,

prove useful.

THE SOIL SOLUTION

The soil solution exists in equilibrium with the amphoteric pedocols and

is subjected to constant variation, with respect to both composition and con-

centration. The physiological condition of the soil depends on the concentra-

tion of the essential ions in the soli solution and on the potential capacity of

the adsorbing complex to supply these ions. The most important physiological

factors of the soil are the pH and the KPN status.

The H-ion concentration in the soil solution is governed, among other

things, by:

, The I.E.P. of the amphoteric complex. ,

The degree of saturation with acid or base.

The concentration and nature of the other ions (22).

The exchangeable K ions in the soil are distributed between the soil complex

and the soil solution according to the mass law (cf. equation /I).

The relationship of the phosphate ions to the soil complex is much more
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complicated. These ions enter into a “colloid” (as distinguished from “saloid”)

binding with the soil basoids. The stability of these compounds is greatest

at the I.E.P. (20). The phosphate ions are released by hydrolysis above and

below the I.E.P. This hydrolysis is suppressed by the presence of soluble

salts and so is the phosphate “solubility” (11). At high pH the phosphate

solubility is reduced by an extramicellar precipitation with other ions (5).

Concerning the nitrate ion it should be pointed out that this anion, like all

other anions, combines, in a saloid form, with the basoid groups of the complex.

In ferallitic soils this adsorption must be appreciable.

SUMMARY

Soils should be looked upon as parts or “tissues” of a larger body, the pedo-

sphere. By a biological analogy the following division is made:

The body = the pedosphere.

The anatomy = the great soil groups.

The morphology ~ the soil type as based on profile characteristics.

The histology ~ the textural units.

The protoplasm = the colloidal complex.

The physiology = the soil solution.

The classification is based on the following factors:

Groups (nine); Humus content and base status.

Types and series: Profile characteristics.

Varieties: Texture.

Colloid-chemical factors: Composition, amphoteric and colloidal behavior of colloids.

Physiological factors: pH and KPN status.

The soil-forming processes in relation to anionic and cationic solvation and

eluviation have been discussed.
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The Leguminous Plants of Wisconsin, By Nohman C. Fassett, Richard

I. Evans, and Catherine Mose. The University of Wisconsin Press,

Madison, Wisconsin, 1939. Pp. 157, illus. 97. Price, $3.

The purpose of this book is to record the taxonomy, ecology, and distribu-

tion of the Leguminosae growing in Wisconsin without cultivation. Keys to

the several species are based on vegetative characters, flowers, fruits, and

seeds. The illustrations are particularly interesting and show the several parts

of the plants in concise detail.

Modem Fruit Production. By Joseph H. Gotjrley and Freeman S.

Howlett. The Macmillan Company, New York, 1941. Pp. 579, illus. 87.

Price, $4.50.

Modernized methods of soil and plant management, as applied, primarily,

to the production of tree fruits. Almost any question which one might ask

on this subject, whether about the design or the function of any part of the

tree, is discussed and illustrated. The craftsmanship of this book is especially

noteworthy.

My Country ^Tis of Thee. By Lucy Sprague Mitchell, Eleanor Bowman,
AND Mary Phelps. The Macmillan Company, New York, 1940. Pp, 335,

illus. 91. Price, $3.50.

Designed to add feeling to thought with reference to the use and abuse of

three natural resources—soil, coal, and oil. The book is written for anyone

not ‘‘too young to think and not too old to feel.’^ Numerous attractive illus-

trations add interest to the presentation and widen the scope of usefulness of

the volume.

Photosynthesis, By E. C. C. Baly. D. Van Nostrand Company, Inc., New
York, 1940. Pp. 248. Price, $4.75.

This is a report of investigations of the process of photosynthesis, the final

result of which was the laboratory production of carbohydrate from carbon

dioxide and water. Additional chapters deal with the kinetics and mechanism

of photosynthesis and with the assimilation of nitrogen by living plants. A
very stimulating discussion of a very interesting subject.

Soils and Soil Management, By A. F. Gustaeson. McGraw-Hill Book

Company, Inc., New York, 1941. Pp. 424, illus. 165. Price, $4.

This book is designed primarily for teaching purposes, but will be found

useful by practical farmers as well as college students. It contains 19 chapters
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dealing with such subjects as organic matter, soil moisture, cultivation, erosion,

acid and alkali soils, crop rotation, green manures, animal manures, and fer-

tilizers. The last chapter has to do with peat soils and their management. A

list of practical questions is appended to each chapter.

Temperature, Its Measurement and Control in Science and Industry, Edited

by a Publication Committee of the American Institute of Physics. Rein-

hold Publishing Corporation, New York, 1941. Pp. 1362. Price, $11.

This large volume is a record of a ^^Symposium on Temperature’^ which

was held in New York City, November 2, 3, and 4, 1939, under the auspices

of The American Institute of Physics. Almost every phase of temperature

measurement and control is covered in this report by men who are excep-

tionally well qualified in their respective fields. The several papers are classi-

fied under such headings as temperature scales, precision thermometry,

education, natural sciences, biology, man, regulation and recording, special

applications, general engineering, metals, ceramics, oil, and optical and radia-

tion pyrometry. Anyone dealing with any phase of temperature research or

control will find this an extremely useful book for ready reference.

The Theory of Ground-Water Motion, By M. Hubert King. Comprises the

entire Number 8 issue of the Journal of Geolog>\ University of Chicago

Press, 1941. Pp. 785-944, illus. 48. Price, $1.25.

A reexamination of the fundamental principles of ground-water motion de-

signed to clarify some previous misconceptions and to establish the subject

on a fundamental basis in conformity with the laws of thermodynamics. Of

particular interest to soil physicists.

The Editors

GOVERNMENT WANTS METEOROLOGISTS

Soil Science has been requested by the United States Civil Service Com-
mission, in furtherance of the current national policy, to bring to the attention

of its readers an announcement of a civil service examination to obtain mete-

orologists for the Federal Government, at salaries of |2,6CX) to $5,6(Xl a year,

less the usual retirement deduction. Applicants are especially desired who
have had experience in meteorological research or in practical work in fore-

casting, according to the Commission. Separate employment lists wdll be set

up in such specialized branches of meteorology as climatology, dynamic iiiete-

orology, and radiometeorography, the announcement points out.

Although applications will be rated as received at the Commission’s Washing-
ton office until December 31, 1941, the notice continues, qualified persons are

urged to apply at once. Further information and application forms may be
obtained at any first- or second-class post office, or from the Civil Service Com-
mission, Washington, D. C.
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he successful gardener, greenhouse grower, nurseryman or landsf^apo gar-
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thoroughly comprehensive.
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PRESENT CONCEPTS OF ION AVAILABILITY IN PLANT
NUTRITION

This number of Soil Science is devoted exclusively to five papers that were

presented before a joint session of the American Society of Plant Physiologists,

the American Society of Horticultural Science, and the Physiological Section

of the Botanical Society of America at the Philadelphia meetings of the Ameri-

can Association for the Advancement of Science on Tuesday afternoon, Decem-

ber 31, 1940. The symposium was held in the Auditorium of the University

of Pennsylvania Museum, and was attended by some 500 plant and soil scien-

tists, under the chairmanship of Dr. Richard Bradfield, Head of the Depart-

ment of Agronomy, Cornell University, at whose suggestion this collective

publication of the papers was arranged for. We are glad to have the oppor-

tunity to present this relatively complete picture of the present knowledge on

this important subject. Of great importance alike to both plant and soil

scientists, nutritional problems present a common meeting ground for these

diverse interests.

Firman E. Bear
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PLANT GROWTH^’ 2
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The term ^^avaiiability’^ as it is used with respect to inorganic plant nutrients

is seldom defined with precision. It may imply some empirically determined

chemical property of a soil or the interreaction of many chemical, physical, and

physiological factors. Some investigators have suggested modifying terms to

express different aspects of availability of nutrients, especially of potassium

and phosphate, such as chemical availability, physiological availability, physi-

cal availability, ^Veathering’’ availability, and ^^positionaF^ availability.

In some of these concepts the idea of accessibility is involved, as are also time

factors. Because of these complex meanings that may be attached to the

term, we shall not speak very much in this paper of availability in general,

but shall discuss primarily specific phases of the system of plant and nutrient

medium with reference to the absorption of inorganic solutes by the plant#

NATURE or PHYSIOLOGICAL PROCESSES INVOLVED IN ION ABSORPTION

At the outset it seems desirable to restate several problems concerning the

general nature of the processes of ion absorption and accumulation by plants

(10). There are several subdivisions of the subject: (a) the first step in the

withdrawal of ions from soil solutions or artificial nutrient solutions, or perhaps

directly from the surface of soil colloids; (J) accumulation of ions in root proto-

plasm or vacuoles and concomitant or subsequent movement of ions into the

conducting system of the plant; (c) upward movement and distribution of

ions throughout the plant.

Let us consider the simplest case, represented by experiments on excised

roots immersed in and absorbing ions from a dilute salt solution. For rapid

absorption, healthy and metabolicaliy active roots are required which have not

already absorbed and retained salt in amounts approaching an equilibrium

condition. Far greater quantities of ions will then be capable of absorption

^ It is not possible to present a general review of literature in this paper. Most of the

experiments cited by way of illustration were carried out by various members of the California

Agricultural Experiment Station.

^ Editor^s Note: The eighteenth annual award by the American Association for/the Ad-

vancement of Science of $1,000 for a notable contribution to science was bestowed on the

authors of this paper, which was selected from among the papers presented at the meetings of

the association in Philadelphia, December 27, 1940 to January 2, 1941.
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by the roots under aerobic than under anaerobic conditions. In factj only when

given an adequate supply of oxygen do the roots show ability to acciiniiilate

ions; that is, to move them from a dilute external solution to a more concen-

trated internal solution, an uphill process that demands the expenditure of

cellular energy. The temperature coefiScients of this process of ion accumula-

tion are high, within a biological range. The essential protoplasmic activities

of roots which result in ion accumulation are reflected in oxygen absorption or

in the aerobic production of CO2 ,
but are not stoichiometrically related to

respiration. This oxidative metabolism requires a store of available carbo-

hydrate and presumably certain growth substances. Therefore the tempera-

ture and the oxygen supply of the nutrient medium and indirectly the

photosynthetic functions of the shoot are among the indispensable factors

determining rates of active absorption of ions [cf. reviews (11, 15)].

From comparisons of tomato plants grown to stages of heavy fruiting in

water, sand, and soil media in large-scale greenhouse cultures (5), we have had

indications of the practical importance of a liberal oxygen supply as a deter-

minant of nutrient absorption and of other physiological processes. The sand

culture and the water culture, provided forced aeration was em]')loyed in the

latter case, gave considerably higher yields of fruit and greater al>s()rption of

nutrients than a well-fertilized soil in good physical condition—a soli which

had a history of excellent production of tomatoes in a commercial greenhouse

and which gave an unusually high yield under our conditions. It would seem

that in a soil the factors of oxygen supply and of CO2 removal from around the

roots may sometimes limit nutrient absorption by plants, even when availa-

bility of nutrients, in a chemical sense, is not limiting. It is, however, neces-

sary to note that oxygen requirements of roots and the effects of CO2 may not

be alike in magnitude for different types of plants,^ There are also instances

in which injury has been produced by overaeration of roots. This detrimental

effect would be enhanced at higher temperatures conducive to an excessive

rate of respiration in the root tissues.

Another consideration regarding absorption of ions by roots of high ahsorlflng

capacity is important to the present discussion. Absorption curves, at least

for mobile ions like potassium, when plotted against concentration in the

nutrient solution, rise very steeply in a low concentration range, for example:

0.0001 to 0.001 M. Under conditions favoring active salt absorption, much
greater amounts of the ions, relative to concentration, are absorbed from very

dilute solutions than from those of higher concentration, within a limited time.

Some ions in the culture solution may be rapidly reduced in concentration to

exceedingly low values by root absorption, when the volume of solution is

limited. To illustrate, in an experiment with young barley plants in which
appropriate relation of volume of nutrient solution to number of |)lants

was .arranged.The initial potassium concentration of 3 m.,e. per liter in the,

;
3'There is evidence to: suggest th.at in some p.Iants oxygen .may, be

,

translocated from the
shoot to the root system.
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solution was reduced in 24 hours to 0.02 m. e. per liter.^ (At the same time

a high concentration of potassium was present in the root sap.) Thus the

efficiency of potassium absorption was very high. Of course, the phenomena

are actually more complex than these statements indicate. All the interionic

relations in absorption are to be evaluated, as well as the specific characteristics

of individual ions influencing rates of entry; for example, SO4 ions tend to be

absorbed much more slowly than NO3 ions. Furthermore, different species

of plants growing in the same nutrient solution may absorb the various ions

at markedly different rates, and even with plants of the same species the rates

vary at different stages of growth and under different environmental conditions.

An interesting aspect of the general problem under discussion is concerned

with the relations of transpiration, light, and metabolism to the diurnal course

of ion absorption. A water-culture experiment with young barley plants

showed that the absorption of nutrients took place about as rapidly in the

dark period of a diurnal cycle as in the light period.® In this experiment,

plants were grown in a greenhouse for several weeks. Some of the plants

received nutrients only during the day periods, others only during the night

periods, and a third set during the full 24 hours. In summer the total absorp-

tion of each of the principal ions present in the solution was nearly twice as

great for 24 hours as for either of the 12-hour periods. In winter, however,

although the absorption for the 12-hour periods remained approximately equal,

the total absorption, when salt was supplied for the full 24 hours, was less than

double that for a 12-hour period. This appeared to have been related to

reduced illumination as it affected the synthesis of sugar or other metabolites

and the resulting limitation in the growth of roots and their absorptive capacity

for ions.

There is an upper limit to the amount of an ion that may be held by the

roots. To ensure rapid ion intake the roots must not only be metabolically

active but must also be maintained well below their maximum salt-holding

capacity. The forces which determine the removal of absorbed solutes from

the root to the shoot do, therefore, indirectly affect absorption from the nutrient

medium. In young plants with sufficiently active root systems, in the absence

of transpiration, root pressure is involved in the upward movement of solutes.

When larger plants are considered, however, transpiration is probably chiefly

responsible for accelerating the removal of salts from the root to the shoot,

although there is no necessary proportionality bet^veen the amount of water

transpired and the amount of solutes absorbed or translocated. A discussion

of the problem of movement of ions into the xylem system and the possible

role of metabolic activities in this step in translocation exceeds the scope of

this paper. We also leave aside the question of solute movement in phloem

tissues.

The preceding remarks are based on experiments with plants grown in water

^ Unpublished experiments of D. R. Hoagland and T. C. Broyer.

^ Unpublished experiments by D. R. Hoagland and T. C. Broyer.
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or sand culture. But there' is another approach pertinent to our discussion,

which also leads to emphasis on the metabolic activities and growth processes

of plants. When a; stirred nutrient solution is employed, or a sand culture

through which nutrient solution is frequently percolated, the nutrient solution

is brought to the roots, whereas in a soil the roots explore the medium in, which

the nutrients are present. Obviously, then, metabolic activities of roots in

soil are of great significance because of their relation to the rate, extent, and

kind of root growth. Dittmer (8) estimated that a single rye plant, under very

favorable conditions, could develop a root surface (including root hair surface)

of about 7000 square feet, with a total root length of more than 350 miles.

Clearly, soE and climatic factors directly or indirectly determining root growth

must constitute a most important consideration for understanding availability

of nutrients in its physiological aspects. We need to know not only the kind

of soil, but also the amount of soU accessible to the plant. The Implications

in terms of soil aeration, soil temperature, compacted soil zones, toxic sub-

stances, and other factors affecting the development of roots are obvious.

Before leaving this section of our paper, we wish to note that, though the

present treatment demands stress on actively growing and metabolizing roots,

it does not follow that absorption of salt can not occur by way of inactive or

injured roots, under the influence of transpiration, as a sort of wicklike process.

This could be illustrated by an experiment with solutions of increasing sodium

salt concentration, including a range in which marked injury to the root system

was produced. This question is not without interest, but its further discussion

cannot be undertaken here.

Another question should also be raised: Wliat is the relative efiiciency of

additions of nutrients accessible to a small versus a large part of the whole

root system? Here, too, we can do no more than suggest the question, which

has, incidentally, a bearing on localized application of some fertilizers to soils,

a practice which may be necessary or advisable because of the fixing power

of the soil.

So far we have tacitly assumed that absorption of ions proceeds from a

nutrient solution in sand or water culture or from a soil solution. ,During
recent years, an additional type of mechanism to explain ion a!}sor|ition by
roots has received much attention, particularly with reference to |)f)tassium

and other bases. We find it useful to refer here to recent experiments in tills

laboratory on ^‘contact effects'’ (13). Evidence has been obtained that cations

held on, the surface of a soE colloid may undergo exchange with cations present

on the root surfaces (including H ions which are, of course, available as a meta-
bolic product of roots) through overlapping oscillation volumes of adsorbed
ions. The soil solution, in the ordinary sense, is not a part of the system.

It still remains to .learn, however, what the relative importance of tlic soil

solution and ,the contact mechanisms', may be for, different ions and under
diverse.soil, conditions. The importance of the soil solution as a direct source
of nutrients is manifested by the fact that an ion of major quantitative im-



AVAILABILITY OP PLANT NUTRIENTS 435

portance, namely, the nitrate ion, is present primarily in dissolved form and

must be accompanied by equivalent amounts of cations. Also, the chloride

and sulfate anions, with accompanying cations, are to be taken into account,

and bicarbonate ions may often be present in considerable concentration.

Frequently, however, soil solution concentrations of potassium and phosphate

are very low at any moment, and rapid entry of these ions into the soil solution

from solid phases would often be required to explain on a soil solution basis

their actual absorption by the plant. But again we are not yet sure that in

soils capable of supplying enough potassium to a crop, the low concentration

of potassium sometimes occurring in the soil solution is necessarily inadequate.

We recall the capacity of active roots for rapid absorption of potassium from

extremely dilute solutions and the potentialities for root surface development.

Yet it is reasonable to expect that this valuable new point of view on contact

absorption will lead to explanations of some soil-plant phenomena which are

at present obscure. It is to be observed that our remarks on metabolic factors

governing root growth and surface development are also pertinent to discus-

sions of nutrient absorption on the basis of the contact theory.

MICRONUTRIENT ELEMENTS

Much of the progress in the understanding of the inherently complex soil-

plant interrelations can be traced directly to the development of controlled

methods of experimentation. The growing of plants in water and sand cul-

tures® has contributed to an appraisal of the function of the soil as a source of

plant nutrients. By these means increased understanding has been gained

of the essential elements which the soil must supply to the plant for the com-

pletion of its life cycle. In addition to the long-recognized indispensability of

nitrogen, potassium, phosphorus, calcium, magnesium, sulfur, and iron, positive

evidence has been amassed in the past two decades of the essentiality of the

four micronutrients: boron, manganese, zinc, and copper. The availability

of the micronutrient elements now becomes a definite problem which may also

complicate the study of other nutrient elements needed by plants in larger

amounts.

It is obvious that only by scrupulous attention to experimental technique,

involving rigid purification of the nutrient medium, can the essentiality of

elements required in only minute quantities be demonstrated. Yet strong con-

firmation of the practical importance of these micronutrients is made manifest

® As evidence of the applicability of artificial culture methods in the study of plant nutri-

tion, it is worthy of note that the following kinds of plants have been grown successfully in

this laboratory in purely inorganic media: barley, rye, wheat, corn, broad bean, kidney bean,

alfalfa, field pea, sweet pea, clover, pear, plum, apricot, redwood, pine, squash, cucumber,

asparagus, tomato, lettuce, rhubarb, spinach, cosmos, marigold, begonia, cocklebur, mustard,

and Bermuda grass. The addition of vitamins or other organic substances was not neces-

sary. Hence for these many types of plants no indispensable factor for plant growth is present

in a soil and absent from an artificial medium, however important for other reasons organic

matter may be under soil conditions.
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by many field observations on deficiency diseases. Of the large number of

diverse species of higher plants with which experiments liave Ixxm nxuic in

this laboratory in recent years, none has failed to show typical deficiency syrnp-

toms in the absence of each of the four micronutrients, provided suital}le safe-

guards of technique were observed (2, 16). This is in agreement witli the

results of those earlier workers who appreciated the importance oi reimed

technique in studies of this kind. In the last several years evidence has become

available from laboratory experimentation that another microiiutrieni, niolyl)-

denum, is to take a place on the list of essential elements for liigher plants (3, 1 2).

Although no proof of direct deficiency of molybdenum has, so far as we are

aware, yet been reported for higher plants grown in the field, the iiiqjortance

of this element for the growth of lower plant forms and particularly of its

function in nitrogen fixation by Azotobacter is of agricultural interest.

The question may be asked whether the list of essential elenient.s as it stands

today is complete. Although a number of different species of plants have been

grown successfully in this laboratory in a highly purified nutrient solution

which by intention comprised only the aforementioned elements, an unequiv-

ocal answer to this question cannot be given. It is still possible that, despite

all caution, minute impurities were present in the nutrient medium. \Miat

can be asserted definitely is that if an element now regarded as dispensable

should at some future time be found essential, it will be shown to be required

in exceedingly small amounts—within the limits of contamination still en-

compassed by the refined methods used. A further discussion of this point of

view is given elsewhere (2).

INTERDEPENDENCE OP PACTORS IN THE STUDY OP AVAILASHPIT¥

A particularly pertinent consideration in discussions of physiological, avail-

ability is the interrelation between several factors in the environment rd the

plant. In a study of the relative merits of ammonium and nitrate if)iis as

sources of nitrogen for barley (1), it was found that the assimilation of am-
monium, unlike that of nitrate nitrogen, was facilitated by a high oxygen supply

or by the availability of a heavy metal like manganese, ^vhicll by virtue of its

chemical properties can act as an oxygen catalyst. The findings suggested that

the nitrate as contrasted with the ammonium ion may be of value to the fdant

not only as a source of nitrogen but also as a source of oxygen. The utilization

of either form of nitrogen was influenced by the season of the year. Among
the climatic factors fluctuating with season, light, as it affects the s\-ntl>esi,< (if

carbohydrates, which provide the carbon skeleton for organic nitrogen com-
pounds, appears to be of particular significance in the utilization of inor-

ganic nitrogen.

The interdependence of factors in the nutrient medium is also well illus-

trated by the' effects of
,

hydrogen-ion .concentration on the growth of plants.

High acidity, in a soil is frequently associated 'with unproductivity, but it docs
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not follow that low pH per se is responsible for poor growth. Thus although it

is not uncommon for an acid peat soil to support good growth of many kinds

of plants, the same cannot be said of a highly acid mineral soil. Indeed, in

describing plant responses, the pH of a soil—ignoring for the moment the

difficulty of measuring or deciding what the pH of a soil really is—can only

have meaning when interpreted not as an independent variable but as a meas-

urement reflecting the interaction of several factors peculiar to a given soil.

In a mineral soil, but not necessarily in a peat soil, a low pH is in general symp-

tomatic of calcium and not infrequently of magnesium deficiency, or of the

presence in solutions of certain soils of toxic amounts of aluminum or man-

ganese. On the other hand, poor plant growth in a soil characterized by an

alkaline pH may in some cases be caused not directly by a high hydroxyl-ion

concentration or the presence of alkali salts, but rather by the unavailability

of such plant nutrients as phosphate, iron, or manganese.

Experimental verification of this point of view was provided by a recent

investigation of the relation of hydrogen-ion concentration to the growth of

higher plants under controlled conditions.^ Tomato, lettuce, rhubarb, and

Bermuda grass plants were grown in nutrient solutions maintained within a

pH range from 3 to 9. An attempt was made to ensure constancy of composi-

tion of the nutrient solution throughout the pH range by reducing the con-

centration of the nutrient ions to a level low enough to avoid precipitation of

phosphates at the most alkaline reaction. To guard against precipitation of

iron and manganese above pH 7, these metals were added in the form of syn-

thetic humates. The experimental technique made it possible to interpret the

effects of the external pH on the growth of plants in terms of an iso-

lated variable.

At pH 3 complete failure of growth was observed with all the species grown.

Some growth occurred at pH 4, and with decreasing acidity, good growth at

pH 5, 6, 7, and 8. A decline was noted at pH 9. The results indicated that

profoundly adverse effects of hydrogen- or hydroxyl-ion concentration as

such are encountered only at extremes of acidity or alkalinity. Within a

considerable range, fluctuations in the pH of growth media have not been

found to be inimical to the welfare of plants so far studied, provided, of course,

that as previously mentioned, such indirect consequences of reaction as toxicity

from dissolved soil constituents or deficiency resulting from precipitation of

nutrients are avoided. This conclusion is in harmony with the results of an

earlier investigation of the influence of hydrogen-ion concentration on the

utilization of nitrogen (1).

One possible cause of the injury from extremes of hydrogen- or hydroxyl-ion

concentration to plants grown in a nutrient solution is the interference with

^ Amon, D. I., and Jolinson, C. M. Influence of hydrogen ion concentration on the growth

of higher plants:under controlled conditions. Paper presented before the Amer. Assoc. Adv.

Sci., December, 1940.
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absorption of nutrients. The results of the following experiment brought to

light a relation between high acidity and calcium absorption.^ lomato plants

were grown under favorable conditions for about 5 weeks and w'ere then trans-

ferred for 96 hours to a series of nutrient solutions maintained at vonioiis pH

values ranging from 3 to 9. For 3 days prior to the absorption test the plants

were kept in a minus-calcium solution. Analyses of the nutrient solution

before and after the absorption period disclosed that though the plants absorbed

considerable amounts of calcium from cultures maintained at pH 5, 6, 7j 8,

and 9, only very little was absorbed at pH 4. At pH 3, however, rui calcium

was absorbed and the roots were definitely injured.

The relation of calcium to growth at acid reactions was further demonstrated

by a series of experiments in which plants were grown in nutrient solutions

maintained at pH 3, 4, 5, and 6. Three levels of calcium—20, 80, and 280

p.p.m.—were supplied at each reaction. At pH 6 similarly good growth was

obtained at all three levels of calcium, but at pH 4 and 5 the low level of calcium

was distinctly unfavorable. A noticeable increase in growth as reflected by

fresh and dry weight was obtained at pH 4 and 5 from the higher concentration

of calcium in the nutrient medium. But at pH 3, failure of growth was com-

plete at all three calcium levels. It was obvious that for all the plants a re-

action of pH 3 was totally unsuited for growth, regardless of the concentra-

tion of calcium.

At acid reactions the plant seems to require a greater supply of calcium than

at reactions approaching neutrality. This conclusion is of particular interest

in the light of the aforementioned relation between high acidity and low cal-

cium supply in mineral soils. Under these circumstances an increased physi-

ological demand for calcium coincides with a decreased supply. It does not

seem unreasonable to suppose that the adaptability of ‘®acid-!oving’^ plants to

their environment may be in part, at least, due to a low calcium requirement.

Also the good plant growth sometimes encountered in add mucks or other acid

soils rich in organic matter may be related to the high calcium-supplying power
of these soils. It will likewise be of interest to institute further inquiries on

the relation of organic matter to the availability of metals in the form of hu-

mates under alkaline soil conditions.

Another consideration which needs to be taken into account in assessing

the nutritional adequacy of a soil is the variable physiological demand for

certain nutrients at different stages of plant development. The special re-

quirements for phosphorous at the fruiting stage will serve as an illustration of

this general subject. In an experiment with radioactive phosphorus, the

absorption of phosphorus by developing tomato fruit was found to be very high

(4). Under a restricted external phosphorous supply the fruit retained its

capacity for phosphorus absorption, but phosphorus was withdrawn from
the leaves. To satisfy the needs of both foliage and fruit a large supply of

phosphorus was required. Similarly striking evidence of nutrient requirement

® See footnote 7.
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in relation to fruiting is found in studies on potassium. A particularly favor-

able set of climatic conditions conducive to great fruitfulness may thus cause

an otherwise adequate soil to become deficient as a source of elements required

in large amounts in the development of the fruit. It may happen that the

full capacity of the plant for absorption of these elements even from a good

medium cannot fulfill the physiological requirement. The importance of cli-

matic conditions in interpreting nutritional requirements of plants warrants

particular emphasis. The more a given set of climatic conditions favors the

development of special organs such as fruit or tubers, the greater is the quanti-

tative requirement of all the inorganic elements which enter into the composi-

tion of these plant tissues.

The dependence of nitrogen assimilation on temperature and on light as it

affects the carbohydrate reserve in the plant is well known. Other specific

relations between climatic factors and mineral requirements of plants have

been brought to light in recent years. One example of a micronutrient element

may be cited. Corn plants were grown in a greenhouse in a sandy California

soil, known for its low zinc-supplying power in the field. In the winter season,

although the plants made considerable growth, there was little evidence of zinc

deficiency; but in the summer, almost complete failure of growth occurred on

this account. Similar seasonal effects were observed with plants grown in

nutrient solutions deficient in zinc.

THE ABRRAISAL OF SOIL DEFICIENCIES

The complexity of the interrelations between the plant and its nutrient

medium leaves scarcely a hope for finding a simple solution to this problem.

That the problem is in part physiological is illustrated by the different behavior

of various species of plants toward certain sources of phosphate. In pot tests

with a California soil noted for its high fixing power for phosphate and its

incapacity to supply phosphate for most crop plants in the field, tomato plants

made scarcely more growth than they would in an artificial nutrient medium
free of phosphate, yet buckwheat plants made some development in this soil

under similar greenhouse conditions. In a field experiment with this soil,

eight species of fruit and nut trees have made good growth and have borne

crops which compare favorably both in quantity and quality with those from

average trees growing in soils higher in phosphate.® The trees in the course

of years must absorb a considerable amount of phosphate, although by a test

of solubility in a mineral acid the phosphate should be almost completely un-

available in a soil of the kind under consideration. It is not released from the

soil colloids by carbonic acid, but rather by OH ions.

What is the explanation of the differentiated behavior of plants in a soil of

this type, in which the phosphate is held either by kaolinitic or iron colloids,

or by both? The time factor must be important, and the trees have, at least

under California conditions, a long annual period for phosphate absorption and

® Private commumcation, Dr. 0. L. Lilieland,
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also have the potentiality to develop extensive root systems. It is conceivable

that there are other influential factors related to specific root activities, 1 liough

colloids of the type now under consideration do not release phos|)]ia.tc' to mineral

acids of a strength of biological significance, phosphate can be released by cer-

tain organic acids. If, contrary to the usual view, suitable organic acids in

sufficient amounts could be excreted by roots, or perhaps even enter tlie soil

through root decay, the effect on the ability of the plant to obtain piiosphate

might be a factor of consequence. Unfortunately at present this is largely a

matter of speculation.

Another, and in many areas, more important type of soil system llian the

one just discussed is that in which phosphate solubility is governerl by calcium

compounds. Buffering effects and the power of the root system to cope with

them become of great significance (cf. 7). Finely ground rock ]jhos|>!uite as

a source of phosphate for plants has been studied for many years, and the

familiar features of differential plant response to a calcium phosphate system

of this kind will be recalled. The theory of a relation of calcium to phosphate

absorption is not an adequate explanation of different plant responses to slightly

soluble phosphates, since there is no generally consistent relationship between

the adequacy of the phosphate medium and the inherent power of some plants

for large calcium absorption. This point is illustrated by comparisons of

buckwheat and tomato plants; both have potentialities for high caldiim ab-

sorption but they differ in their response to rock phosphate. Tliough the

problem is an old one, more definite information is still needed on the relative

rates of respiration and active nutrient absorption by the roots of plants with

different responses to phosphate in the medium, on relative extent of root

surface and efficiency of root contacts with mineral surfaces, and on compara-

tive phosphate requirements for growth of different plants in relation to the

time factor. We are, of course, referring only to the physiological side oi the

problem without discussion of the interrelated questions of soil diemistry to

which important contributions have been made in recent years.

CHEMICAL AND BIOLOGICAL TESTS OE AVAILABILITV

It has become increasingly obvious that no one chemical criteiion can l;c

invoked in appraising the supplying power of all soils for a specific nutrient

element. A case in point is that of potassium availability in soils. At one
time it was rather widely accepted that replaceable potassium, i.e., pr>tassiura

displaced from the soil colloid complex in the process of base exchange, is a

measure of available potassium. That this view is no longer tenable for many
soils is illustrated by the following experiment:

A 7-year greenhouse study was made of the absorption of potassium by 1 )arley

and tomato plants from a series of California soils of great diversity with respect
todheir ability to supply potassium to the plants meiitioned (9) . One of these
,:Soilsffiad,,,a relatively:,high content, of. replaceable potassium, that is, several
•hundred parts per million of the dry, soil, at theUegiiming of the experiment,
and for some time there was no response to additions of potassium. Wlien,
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however, the replaceable potassium of the soil had become depleted to a mini-

mum value by crop growth, striking evidence of physiological potassium de-

ficiency appeared. Other soils had a low content of replaceable potassium

initially and soon failed to supply adequate amounts of potassium. But still

other soils with similarly low contents of replaceable potassium showed little

or no deficiency even when intensively cropped for a large part of each year

over a period of 3 to 4 years. Additions of nitrogen or phosphate were made
to the soils to prevent deficiencies of these nutrients.

Potassium was supplied by some of the soils to the crop from nonreplaceable

potassium, in the sense that amounts of this element equivalent to those ab-

sorbed by the plants were not recovered in leachings of the soil with ammonium
acetate or dilute acids. In recent years numerous investigators have ob-

tained similar results, as did some who worked a long time ago in less extensive

researches. As an illustration, several workers have made a survey of a great

number of California soils by comparing Neubauer values and replaceable

potassium values. Sometimes there is approximate agreement, but there is

no general consistency between the two values. In many instances the amount

of potassium absorbed by the rye seedlings in the Neubauer procedure was

much greater than the amount of replaceable potassium as determined by the

usual laboratory method. The various ^^quick” tests likewise failed to show

a consistent relation to the Neubauer values. In the vegetation experiment-

referred to, potassium deficiencies were much better correlated with Neubauer

values than with chemical tests. In other words, in numerous soils studied,

the chemical reagents likely to be employed in ascertaining availability of

potassium do not reflect correctly physiological conditions.

In one experiment with a soil of good potassium-supplying power, as indi-

cated physiologically, a comparison was made between the Neubauer potas-

sium value and the amount of potassium obtained by 10 days of continuous

leaching of the soil with saturated carbonic acid. The Neubauer value was

much larger for this soil. Some of these facts are not easily explained. Per-

haps the contact effects already referred to will eventually give further under-

standing of these phenomena, but on the other hand, in the contact experiments,

colloids containing adsorbed bases removable by leaching with appropriate

reagents, and so “replaceable^’ in the present usage of the term, were used (13).

Regardless of the explanation, the properties of the biological system, especially

as represented by the roots, must be taken into account. The rapid absorption

of potassium by the plant will selectively disturb the equilibrium of the soil

system in a way not so far adequately imitated in the laboratory. This dis-

turbance of equilibrium will have important consequences whatever the nature

of the first step in the absorption of potassium by plants.

Some recent direct evidence on the absorption of a nonreplaceable base by

plants was obtained by employing a relatively long-lived radioactive rubidium

isotope added to two soils of high fixing powder for potassium In the par-

ticular soils studied, much of the fixed rubidium was present in nonreplaceable

Unpublished data of J. C. Martin and R. Overstreet.
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form. Seedling barley plants, however, removed significant amoiiiits of the

rubidium which was not previously extracted by the leaching reagents. Since

the rubidium ions were tagged there could be no doubt that the ions withdrawn

by the plants came from those originally added to the soil.

These as well as some other observations on absorption of potassium and

other ions discussed previously (4, 13) were made with the aid of tlie new tool

of radioactive iostopes. One of the chief advantages of this techiiic|iie is the

possibility of following experimentally small newly introduced amounts of

^^tagged^’ atoms without reference to the large stores of an element already

present in a living organism or in a nutrient medium. Aitliougli the use of

this method is sometimes more a matter of convenience than of indisperisability

,

it is interesting to point out that only by experiments with isotopes can certain

facts be established. As one specific case, it becomes possiliie by employing

radioactive isotopes to measure outward movement of an ion from healthy,

actively metabolizing roots at the same time that net accumulation of tlie same

ion species is occurring (6). This can be done by allowing roots to absorb a

limited amount of labelled ions and then placing them in a solution (or colloid

suspension) containing the same ions in nonradloactive form. By following

this procedure, one can measure the net ionic movement by methods of total

analysis and that of the radioactive ions by determining the radioactivity of

the tissue or culture solution.

While discussing the general subject of soil and plant interrelations 'With

respect to potassium, we wish to recall the observation that during prolonged

cropping, in the pot studies previously cited, some of the aclded potassium

became so firmly fixed, in certain of the soils, as not to be appreciably a\'ailable

to plants. Whether there were special conditions of wetting and dr}dng under

the experimental circumstances studied which were conducive to the fixation

of potassium in difficultly available form is still undecided.

COMMENTS ON PRACTICAL METHODS POR ASCERTAINING NUTRIENT DEFICIENCIES

It has seemed necessary in the preceding discussion to stress the complexities

of the subject under consideration. It is recognized, however, that immediate
answers to practical questions may need to be sought by short cuts, without
awaiting the results of long-time researches. There are two general types of

procedures in survey work; soil analysis and biological tests, and both have
their necessary functions. On behalf of biological tests, it may be said that

the plant itself gives an integration of the exceedingly complex system of soil

and plant. The idea of analyzing plant tissues in the study of nutrient: de-
ficiencies is a venerable one, but we gain the impression that there is a renewal
of, interest in this approach;

,

Leaving aside 'the more complex investigations

on foliar diagnosis, brief reference may be appropriate to simple mctlifKis of

diagnosis, as illustrated by studies on potassium. It is evident from tlie work
of many investigators that the plant tissue content of potassium may be
greatly influenced by the nutrient medium. For example, in the experiments
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with barley and tomato plants already described there was a high correlation

between percentages of potassium in the dried vegetative tissues and the re-

sponse of the plant to potassium fertilization.

The possibility exists also of sometimes obtaining useful indications of

potassium-supplying power of soils from analysis of samples of plant tissue

taken at suitable stages of growth from crops growing in the field. According

to some investigations, including one being carried on in California, the analysis

of petioles, for some kinds of plants, gives an especially valuable reflection of

soil conditions with reference to potassium. But climatic, physiological, and

soil factors modifying the interpretation of results should not be disregarded.

In the interpretation of petiolar values for potassium, the amounts of other

bases present may need to be taken into account. In this connection, sodium

is important in many arid soils. Also, as suggested earlier in this article, the

requirement of potassium by the plant in relation to heaviness of fruiting has

a most important bearing on the conclusions to be drawn from analysis of

leaf tissues. Studies on prune trees in some sections of California have pro-

vided a striking illustration of this point. Other difficulties with respect to

interpretation of phosphate relations on the basis of analyses of leaves of fruit

trees have been noted (14).

This rapid survey has been undertaken primarily to stress the physiological

aspects of the general soil-plant problem under discussion. There is nothing

new in this point of view, but we have often been impressed, in reading dis-

cussions of availability of nutrients and descriptions of laboratory methods,

by the apparently insufficient attention given to complex physiological inter-

relations of plant, soil, and climate. Even though empirical methods of ap-

praising nutrient deficiencies in the soil may be devised for a particular

soil-crop-climate system, we feel justified in suggesting that further intensive

study, not only of the soil system, but of the active role played by the plant

as well, will assist in the development of a more satisfactory understanding of

both theory and practice. If the plant physiologist and the soil chemist often

disappoint the farmer who seeks a simple procedure in assessing the fertility

of Ms soil, they may plead that the complexity of plant-soil interrelations is

not one of their own making, but that it is rather inherent in the nature of

the systems.
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THE BALANCE OF IONS IN NUTRIENT SUBSTRATES

There are two general concepts concerning the balance of ions in nutrient

substrates for plants. The first of these proposes that exact proportions of

ions in a nutrient substrate for plants are not particularly important, or that

exact balance can have little significance with respect to plant responses.

As long as no actual deficiency of any of the essential nutrient ions occurs,

the solution is considered satisfactory. The second concept is that for any

given set of factors external to the nutrient substrate there can be only one set

of proportions of the essential ions in the nutrient substrate to which the plant

will respond appropriately or in a definitely prescribed manner.

In accordance with the first concept, plants will grow and develop equally

well within a relatively wide range of ion proportions and within a restricted

range of total concentration of the essential ions. This method of approach

to the problem has its advantages but also some very obvious disadvantages.

In the practical application of ion balance to large-scale plant production or in

any agricultural system of fertilizer practice, however, this is about the only

method of approach at present available. Under this scheme an accepted

standard nutrient mixture may be selected and utilized, the purpose for which

it is utilized determining the proportions of the ions in the mixture. In such a

nutrient substrate, be it a culture solution, a sand culture to which the culture

solution is applied, or an acre-foot of soil to which is applied a standard fer-

tilizer mixture, the balance of the ions will gradually undergo changes under the

influence of growing plants, but it is assumed that as longas no actual deficiency

of any one ion occurs, such change of balance can have no appreciable effect

upon the responses of the plants. This is a very comforting idea, particularly

to those who are engaged in quantitative experimental investigation. More-

over, it is a well-known fact that the proportions of the nutrient ions in a sub-

strate may be altered through a relatively wide range without appreciably

affecting the plant if the criteria for rendering a judgment are of a certain type,

such as rates of growth, linear measurements, or weight production of plant

material. If the criteria for rendering a judgment are based, however, upon

^Journal Series paper of the' New Jersey Agricultural Experiment Station, Rutgers Uni-

versity, department of plant physiology.
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a careful quantitative examination of the chemical inake-up? or upon the

morphological characteristics of the plant, then the general prineijikas ujh)!*!

which the concept is based will no longer be valid. It has licen sliuvrii rt;-

peatedly that alterations in the balance of ions of the niitrieni substrate, imd

in the. case of some ions even a slight alteration, will result in a prnnf)iiiiced

alteration in the quality, that is, in the chemical and physical coiistitiitir)ri,

of the plant product.

This first general point of view with respect to the balance of ic^ns in niii rient

substrates lends itself admirably to the practical application ol the general

principles of plant nutrition in agricultural practices, and it is w ell adapted alsf)

to the procedures in certain of the less refined and less exacting tyfHis of ex-

perimental plant studies. It is more expedient, however, than ideal in its

application. It is not born of the true scientific method, but with uiir prestail

limited knowledge about nutrient ions and their balance, tins general point of

view is an absolute necessity for the practical application of those few well-

known general principles of plant nutrition which have been so helpful not

only in the production of plants on a commercial basis but also in the scientific

study of them.

The second general concept concerning the balance of ir»ns in nutrient sub-

strates should be regarded perhaps as ideal rather than as practical It is

obvious, according to this general point of view, that in order to maintain the

so-called appropriate response, every change occurring in any one of the

environmental factors that can influence the plant, such as light inf:eiisity,

temperature, and humidity, must be accompanied by a corre.S|)cmrling shift

in the balance of ions to compensate for or to counteract the distu rising effect

of the variable factor. This point of view, as may be seen readily, is exac:tiiig.

Every factor involved must be defined with mathematical precision, but this

is the scientific approach to the problem of ion balance in nutrient substrates.

It is an' ideal toward which to strive in the investigation of any |>rf>b!em in wliicli

the physiological baknee of ions in nutrient substrates for plants is involved.

It is a scientific ideal, however, which with our present knowledge, is ira|,)Ossi!)le

of attainment, even under the most rigid system of controls, I'jecause it is

not possible as yet to isolate all the factors that influence the plant and to deal

with them appropriately.

In accordance with this second general concept, the approach to the |)rol>Iem

must always be an attempt to approximate the ide,al as closely as possilde, and
.in certain types of investigations involving the balance of ions, this is the only

possible course to pursue if the objective of the investigation is to !)e ;ittaiiieci

As examples of the type of problems which, demand this method of ap|>roach

are the problems in trace element nutrition of plants, as for example, a study
of the role of boron in calcium metabolism, or a'Study of the ioterrclationsliips

between the. elements iron and manganese in the physiological prf>cesses in

which these elements function. The' general concept or point of \de\v first

mentioned would be utterly useless as a method of approach to problems of
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this nature. In problems of this kind the nearest possible approximation of

the ideal in the experimental set-up, in the purity of salts and of distilled water,

in cleanliness of apparatus involved, and in the balance of ions and their con-

centration in the substrate is absolutely indispensable if the objectives of

quantitative research are to be attained.

Each of these concepts or points of view demands a prominent place in the

experimental procedures in the field of the plant sciences. The first is adapt-

able to, and more generally useful in, the investigation of problems relating to

the applied plant sciences. The second is the only effective method of ap-

proach to the investigation of fundamental principles involved in the nutrition

of plants as well as other fundamental problems concerning the physiology of

plants. It should be emphasized, perhaps, that the balance of ions in a sub-

strate for plants is much more closely associated with the quality of the plant

or plant product than it is with rates of growth and yields. This fact provides

a criterion for suggesting the method of approach to problems involving the

proportions of nutrient salts or the balance of ions in nutrient substrates.

Furthermore, it cannot be too strongly emphasized that, within reasonable

limits, it is not the intrinsic quantity of any essential element, either in the

substrate or in the plant, which is important, but it is the relation of this quan-

tity to the quantities of other elements which is significant and which establishes

that delicate dynamic balance of the elements so essential for well-regulated

growth and development. It is particularly this balance in its chemical con-

stitution which determines the quality of the plant and of its products. The

balance of ions in a nutrient substrate for plants cannot attain its maximum
effectiveness, however, without an adequate supply of an element which, up

to the present time, has been given but slight consideration as an important

factor in the nutrition of a plant. That element is oxygen.

OXYGEN IN NUTRIENT SUBSTRATES

A culture solution for plants containing, in proper proportions and in suitable

concentrations, ail the mineral elements usually considered essential for growth

and development does not constitute an adequate inorganic nutrition system

without the presence of dissolved oxygen. Important as this factor is in the

absorption and accumulation of nutrient ions and in the vital plant processes

in general, adequate consideration of its importance has been singularly neg-

lected in studies dealing with the mineral nutrition of plants.

The disastrous effect of an inadequate oxygen tension in a nutrient substrate

upon growth can readily be demonstrated experimentally. Plate 1 shows the

effect of different rates of aeration on the growth of soybean plants in solution

culture. Each 1-gallon jar contains the roots of three soybean plants. The

culture solution was supplied by the continuous flow method at a rate suffi-

cieiitiy high to avoid any pronounced change in either the pH of the culture

solution or the balance of the nutrient ions as influenced by the growing plants.

Culture 1 received no artificial aeration, although no attempt was made to
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exclude atmospheric air from the surface of the solution. Cultures 2, 3j and

4 were aerated by thrusting one capillary tube to the bottom of cailture 2,

two capillary tubes to the bottom of culture 3, and four capillary tubes to

the bottom of culture 4, and forcing air under constant pressure through all

the tubes. All the capillary tubes were equal in length and had afiproximately

the same bore; therefore, if culture 2 be regarded as having received unit

rate of aeration, culture 3 received unit rate multiplied by 2, and culture 4

received unit rate multiplied by 4.

It may be observed that the roots of the nonaerated culture made very poor

growth as compared with the aerated cultures. The roots of culture 1 were

brown, whereas those of the aerated cultures were silvery white. The poor

growth of roots in culture 1 was reflected also in the growth of the tops. Though

the growth of roots in all the aerated cultures was excellent, best grow'th oc-

curred in culture 4, and this also was reflected in the growth of the tops.

The graphic record of oxygen tensions in the solutions of the four cultures

carried out in triplicate over an experimental period of 24 hours is given in

figure 1. The average oxygen tensions, determined at intervals over the 24-

hour period, are plotted against time. As indicated by the graphs the initial

oxygen tension of all the culture solutions was the same and w-as somewhat

below the saturation point at equilibrium with the atmosphere. The average

oxygen tension of the solutions receiving the 4-unit rate of aeration quickly

rose to approximately the saturation point, that of the solutions receiving the

2-unit rate of aeration was maintained at approximately its initial concentra-

tion, but the average oxygen tension of the solutions receiving the unit rate

of aeration was quickly reduced to a value considerably below the initial con-

centration by the action of the plants. The most striking feature of this record,

however, is the rapid reduction of the oxygen tension of the culture solutions

by the action of the plants of the nonaerated cultures. The graph representing

the average data for these cultures shows that the oxygen concentration was
reduced to nearly the zero point in 6 to 9 hours in spite of the fact that 120

square centimeters of solution surface were continuously exposed to the oxygen

of the air. The growth, produced by. these cultures as indicated by the average

yield values of both roots and tops is directly correlated with the aeration rates;

that is, average low yields correspond to low oxygen tension in the nutrient

substrate, and' average high yields are definitely associated with high oxygen
tension.

As indicated by the graphs in the upper part of figure !, the oxygen tension

in the solutions of the aerated, blank cultures rose quickly to the saturation

point, in. equilibrium with the atmosphere, while in the nonaerated blanks the
initial oxygen tension was approximately maintained. Fluctuations in the
.graphs are due to the fluctua.tions in^ the te.mperature over the 24-liour period,
as indicated by the temperature- curve in the loiver part of the figure.

Important; as. an.adequate supply of dissolved oxygen in the nutrient sub-
strate is for.' growth, and development of the plant, the effect upon growdh as
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such is not direct but is intimately associated with the complex of processes

which result in growth and development, including the processes involved in

inorganic nutrition, such as the absorption, accumulation, and assimilation

of the nutrient ions. This was clearly brought out in a quantitative study of

these pirocesses in plants grown in a standard nutrient solution at different

oxygen tensions that were maintained at approximately constant levels over

prolonged experimental periods, subject, how'ever, to variations due to changes

in greenhouse temperatures, which were not controlled within very narrow

limits.

02 Continuous flow cultures

Fig. i. Effect of Soybean Roots on the Oxygen Tension of Aerated and Nonaerated
Culture Solutions

In these studies three species of plants were employed, soybeans, oats, and

tomatoes. The plants were grown in standard culture solutions in which

concentrations of dissolved oxygen were maintained at approximately 0.0,

4.0, 8.0, and 16.0 p.p.m. This was accomplished by aerating the solutions with

the proper mixtures of ojjygen and nitrogen to give the oxygen concentrations

in question when these were in equilibrium with the confined gas mixtures

maintained '.over' the solution surface/ /A-special cultural technique permitted

such' confinement as well as isolation of the root systems of the intact, plants

out' of, .contact with the external atmosphere,
.

This was .accomplished ::as



follows: the radicles of the seedling plants, while still ver>^ young, were thrust

through glass tubes fixed, flush with the upper surface, in the large, I'l'it riilflier

stoppers which sealed the wide mouth of the culture jar. llie glass in!)es,

holding the seedlings, were just long enough to project from tlie sb>j)pc‘r, i cm.

under the surface of the solution below, thus providing an effective water seal

so that the gas space between the rubber stopper and the solutif)n siniace \va;s

completely isolated from direct contact with the atmosplicric air. Xo at-

tempt was made, however, to exclude air from the very small solution surface

exposed between the plant stems and the inner walls of the glass tufies. This

surface was negligible from the standpoint of supplying oxygen to tlie niit rlent

substrate, since the stems of the plants, when they had attainerl tlie age uikI

size required for experimental use, virtually closed the glass tubes 'I uhes

appropriate size were selected with this point in view. With this ysonn the

oxygen tension in the substrate could always be maintained at approairnate

equilibrium with the oxygen pressure of the gas mixture used for aeration at

the prevailing temperature. Gas inlet and outlet tubes in the rii liber stoppers

provided facilities for aeration of the culture solutions and for collecting the

effluent gasses for analysis. The roots of the plants projected into the culture

solution from the lower end of the glass tubes, and the tops were ex|Kised to tlie

atmosphere of the greenhouse.

The experimental plants were grown in the standard culture solution until

they had attained the desired stage of development before they were trans-

ferred to the oxygen-treated cultures. The rates of absorption of ions from

solution during the test intervals were determined by tlie usual technique of

solution analysis before and after contact with the root systems. At tliti end

of the test interval, which also terminated the experimental period, llie plants

were harvested, dried, and weighed in. preparation for chernica,! aiia!}',sis of

the tissues. Ail of the data considered in this report were obtained fn mi pkni s

of cultures which had been subjected to the various oxygen treatments tliiring

an experimental period of 20 days. Prior to the experimental period all

cultures received identical treatment.

Oxygen requirement

The oxygen requirement of the plants as determined by the effect f)f oxygen
tension in the nutrient substrate upon dry weight yields of |)laiit tissue,^ was
markedly different for the three species studied. An approxiniale ojitimimi

requirement around 6 p.p.m. of dissolved oxygen in the siibstnite was indi-

cated for soybeans. That is, average, dry weight yields increased witli in-

creasing o.xygen, concentration in the substrate up to 6 p.p.m. Abo\'e this

range the soybean plant showed definite symptoms of toxicity, as !udirate<l

by a characteristic distortion of newly formed leaves In the process expansion
•and by affry .weight' yield considerably 'below that of the maximum avi*rage
yield produced at an oxygen concentration of 6.0 p.p.m.

The oxygen requirement of the oat plants as determined by the dry weight
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criterion sliowed an optimum around a concentration of 8,0 p.p.m. in the nu-
trient substrate. At a concentration of 16.0 p.p.m. the average yields obtained

were considerably lower than they were at a concentration of 8.0 p.p.m.

The oxygen requirement of tomato plants appears to be remarkably high,

judged by the effect of oxygen concentration in the substrate upon the dry
weight production of young plant tissue. The highest average dry weight

yields were obtained with an oxygen concentration of 16.0 p.p.m. in the nu-

trient substrate. Whether still higher yields could have been obtained with

higher oxygen tensions was not determined.

The general conclusion to be drawn from the dry weight yield data with

respect to the effect of oxygen concentration in the substrate upon growth as

such is that yields may be expected to increase with increase in the oxygen

concentration maintained in the nutrient substrate up to an optimum which

varies wndely for the different species. It is further indicated that a nutrient

substrate saturated with oxygen at the equilibrium point with atmospheric

air is considerably below the optimum required for maximum yields of some

species. This consideration may be of great practical importance from the

standpoint of agricultural production.

Effect of oxygen in the nutrient substrate upon absorption^ accumulation^ and

assimilation of nutrient ions

This preliminary report on the phase of oxygen studies here dealt with

presents data for only one species, the soybean, and for only one nutrient

element, nitrogen. Similar studies with oat and tomato plants have not yet

been completed, but the results thus far obtained with these two species are

similar to those obtained for the soybean with only such minor variations as

might be expected because of structural differences. The soybean plants were

growm during a treatment period of 20 days in culture solutions, continuously

renewed, with oxygen concentrations maintained at approximately 0.0, 4.0,

8.0, and 16.0 p.p.m. At the end of the 20-day treatment period the rates of

absorption of nitrogen in both the anion and the cation form were determined

for an absorption inter\’'al of 9 hours in terms of milligrams of nitrogen absorbed

per gram of dry root tissue per hour. These average data for the nitrate ion

plotted against the oxygen concentrations of the nutrient substrate are pre-

sented in figure. 2,

It will be observed that the highest rate of nitrate-nitrogen absorption oc-

curred in the culture with the lowest oxygen. Figure 2 shows a rapid decline

in the rate of nitrate-nitrogen absorption for each increase of the oxygen ten-

sion in the nutrient substrate, the highest rate corresponding to the lowest

oxygen tension, and the lowest rate corresponding to the highest oxygen tension.

The broken line in figure 2 represents the nitrate nitrogen, in terms of milli-

grams of nitrogen per gram of dry tissue, which had accumulated in the roots

of the plants as determined at the end of the experimental peifiod. These

average values, shown as ordinates on the right, are also plotted against the
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oxygen concentrations of the nutrient substrate. The graph shows the lowest

nitrate-nitrogen accumulation value in the roots of the plants grown at the

lowest oxygen tension. The values rise sharply to a maximinn at n.n oxj^'gen

tension of 4.0 p.p.m., and then slightly decline with further increase in the

oxygen tension of the nutrient substrate. Thus low accuroulation ol nitnite-

nitrogen is shown to correspond to a high rate of absorption; and higli accnniui;!-

tion, to low rates of absorption. This relation between accumiiiaticjii and the

rates of absorption of the nitrate ion, at first consideration, may apf)eur to l)e

contradictory. It may be explained, however, by assuming that ll’ic ra.te of

nitrate reduction in the roots of the plants is high at low oxygen tension, when

the rate of absorption also is high, and that the rate of nitrate reduciimi is low

Fig. 2 , Rates or Niteate-Nitrogen Absorption in IMiliIgrams per CJeam o,f I )ky Root
Tissue per Hour (Lett), and Nitrate-Nitrogen Accumui.ati*:i>, per Gram

OP Dry Root Tissue (Right), at Different Oxygen hF.vr’Ls

when the rate of absorption is low, at high oxygen tension in the nutrient

substrate. That this is precisely what does occur is indicated in figure 3.

The data in figure 3 represent the percentage of the total nitrogen present in

the root tissue as noniiitrate nitrogen at the end of the experimental period,

plotted, against, the oxygen concentration of the nutrient substrate. Since

all .the, nitrogen present in the roots was absorbed in the form of nitrate, tfiese

values represent that portion of the total nitrate nitrogen absorbed! whirl)

was reduced and transformed into other compounds of nitrogen in tlie nuau-
bolic pro.cesses.of the roots. This fraction,. therefore, provides an index of the

nitrate reduction by the root tissue as affected by, oxygen coiK:eiilra.lions of

the substrate.

It w^ill be observed from figure 3 that this index;0,f nitrate reduclimi is iiigliest

at the lowest' oxygen tension of the substrate and that it is low at tlie 'iiigh

oxygen, levels. A comparison of this graph .with- that of figure 2 representing
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nitrate absorption shows the general similarity of the two graphs, indicating

that nitrate absorption and nitrate reduction are similarly related to the oxygen
supply of the substrate. This accounts for the apparent contradiction that

the acciimiiiation of nitrate nitrogen is highest when the absorption rates are

lowest. It is apparent also that the high accumulations of nitrate nitrogen

in the roots, such as are indicated in figure 2 under conditions of high oxygen
levels in the substrate, can occur only when the rates of absorption greatly

exceed the rates of reduction.

During these studies it was commonly observed that the soybean plants

grown in solutions with deficient oxygen, even those grown at the lowest oxygen

level (Oi) p.p'.m.) could persist, with growth rates much below the optimum,

for considerable periods and could even reproduce under these conditions,

although very poorly. Certain evidence utrongly suggests that this ability to

Non-NOs-H
of total

Fig. 3. Nonnitrate' Nitrogen in Percentage or Total, as Influenced by the Oxygen
Levels of the Substrate: an Index of Nitrate Reduction in Soybean Roots

'

persist and reproduce without an adequate oxygen, supply in the substrate is

directly related to . the reduction of nitrates in the root tissues and the utiliza-

tion of the oxygen evolved in this process. The evidence suggests that the

oxyge,n. evolved i,n nitrate reduction' is utilized in the respiratory processes of

the .root, ceils, and this is emphasized by the fact that the soybean with a rela-

tively low oxygen requirement is much less severely affected by .these semi-

anaerobic conditions than are oat and tomato plants,' which have a relatively

much higher oxygen require.men,t than the soybean. That oxygen evolved in

the reduction of nitrates is utilized in the respiratory processes is indicated by

the fact that nitrate reduction is abnormally, high only ..in those, plants grown

in an .oxygen-deficient substrate.. This' also .accounts Tor the high rate.' of

absorption under these conditions. . 'It is 'further indicated' by the fact 'that

when' one-half the nitrate nitrogen in the substrate is replaced,by a molar

equivalent concentration of ammonium nitrogen, the plants are quickly and
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mudi more severely affected by oxygen deficiency in the substrate than they

are with an adequate supply of nitrate-nitrogen under the same conditions.

With an adequate supply of oxygen in the substrate the plants are not at all

adversely affected by this substitution of ammonium nitrogen for nitrate ni-

trogen.

The effect of the oxjj'gen supply of the substrate upon the rates of absorption

and accumulation of cation nitrogen (NH4‘^) presents a picture which is the

exact opposite of that shown for the absorption and accumulation of anion

nitrogen (NOg^). This is clearly brought out in figure 4 which shows the aver-

age rates of absorption of ammonium nitrogen in terms of milligrams per gram

of dry root tissue per hour, for an absorption interval of 9 hours, plotted against

the approximately maintained oxygen concentrations of the nutrient substrate.

These tests were carried out with both nitrate nitrogen and ammonium ni-

Mgm. NH4-K

Fig. 4, Rates of Ammonium-Niteogen Absorption, in Milligrams per Gram oe Dry
Root Tissue per Hour, at Different Oxygen Levels

trogeii present in the culture solution in approximately molar equivalent con-

centrations. The graph shows very low absorption rates at low oxygen levels.

The rise in these rates is rapid as the oxygen concentrations of the substrate

increase, the highest rate corresponding to the highest oxygen tension. This

appears to be the general effect of the oxygen supply in the nutrient substrate

upon the absorption and accumulation of both cations and anions, as has

been pointed out by Hoagland and Broyer (3). These authors make it clear

that the accumulation of salts is associated with active aerobic respiration and

that an adequate oxygen supply is indispensable for both cation and anion

accumulation. Prevot and Steward (4) also point out that cells which are

most actively engaged in the accumulation of ions show the greatest affinity

for oxygen. It is to be emphasized strongly, however, that the absorption

of ions containing oxygen which can be rendered available and utilizable

in anaerobic respiratory processes in the cells may alter completely this general

relation between the oxygen supply of the substrate and the rates of absorption

and accumulation of ions by the roots of plants. This particular phase of the
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oxygen relations may have a very important bearing upon agricultural pro-

duction, since it is readily conceivable that the roots of plants in many agricul-

tural soils may be growing under oxygen tensions of the soil solution far below

the optimum required for good growth.

Relation of the oxygen tension of the substrate to the organic acid content of plants

Evidence that the supply of oxygen in the nutrient substrate for plants has

far-reaching effects, not only upon absorption, accumulation, and assimilation

of ions, but also upon the general metabolic processes of the plant, is indicated

M. eq. per

Fig. 5. The Organic Acid Content in Terms oe Milliequivalents per Gram oe Dry
Shoot Tissue oe Oats at Difeerent Oxygen Levels

Upper graph, plants grown 6 days in a d-N substrate. Middle graph, plants transferred

from a —N to a -fN substrate for 24 hours. Lower graph, plants grown 6 days in a —N
substrate. The short horizontal line intersecting the broken line represents the average

value of the organic acid content of the plants at the beginning of the treatment period and

may be regarded as the organic acid content of these plants under optimum growth conditions

with respect to the oxygen supply.

by the data relating to organic acid production presented in figure 5. These

preliminary studies were carried out with oats as the indicator plants. The

plants were grown in a standard culture solution by the usual cultural methods

until they had attained the desired stage of development. They were then

transferred to culture solutions at the maintained oxygen tensions indicated



456 JOHN W. SHIVE

in figure 5 and were grown in these solutions during an experimental interval

of 6 days. Two series of plants were grown: one series with nitrate in the cul-

ture solution as the source of nitrogen for the plants; the other, without nitrogen.

The plants of the two series will be designated ^^plus-nitrogen’’ and ^^minus-

nitrogen,” respectively. Plants were analyzed for total organic acids both at

the beginning and at the end of the experimental period by the methods of

Pucher, Vickery, and Wakeman (5, 6). The data, plotted against the oxygen

concentrations of the nutrient substrate, are presented in figure 5.

It will be observed from the graphs of figure 5 that the highest organic acid

content of the plants in each series occurs at the lowest oxygen level and

decreases with increase in the oxygen level to the point of the optimum oxygen

concentration of the substrate for this species. At this point the graphs level

off to the horizontal, showing that further increase in the oxygen tension has

no effect upon organic acid production. It may also be observed that the

organic acid content of the plus-nitrogen plants is more than double that of

the minus-nitrogen plants at each oxygen level. It is interesting and perhaps

important also to note that the total organic acid content of the plus-nitrogen

plants at suboptimal oxygen levels (below 8.0 p.p.m.) is, without exception,

higher than the normal, and that of the minus-nitrogen plants, except at the

lowest oxygen level, is very much lower than the normal. It is thus evident

that the nitrogen supply is also a controlling factor in the production of organic

acids in the plants. In these studies, however, it was not determined whether

the high organic acid content of the plus-nitrogen plants, relative to that of

the minus-nitrogen plants, was due to the presence of nitrogen as such, or was

directly related to the absorption of the nitrate ion and its ability to act as an

oxygen donator in the respiratory processes under conditions of oxygen de-

ficiency in the substrate. On this point Clark (2) has provided evidence which

shows that plants grown with nitrate as the source of nitrogen produce much
higher yields of total organic acids than do the same plants grown with am-
monium as the source of nitrogen. Blackman and Templeman (1) also have

shown that the exceptionally high yields of total organic acids by plants are

significantly correlated with the accumulation of nitrates. The very high

yields of total organic acids by the plus-nitrogen plants at the lowest oxygen

level in the nutrient substrate definitely associate these with anaerobic con-

ditions and, therefore, with high rates of nitrate absorption and reduction,

as previously shown.

At the end of the experimental period of 6 days some of the minus-nitrate

plants were returned to a plus-nitrate substrate for 24 hours. There was an
immediate rise in the total organic acid content of the plants, as is indicated

by the middle graph of figure 5. Though this rise is still controlled by the

oxygen tensions of the substrate at concentrations below that of the optimum
(8.0 p.p.m.), it is quite apparent that nitrogen, particularly when it is present

in the form of the anion, may exert a powerful influence not only upon the role

which oxygen plays in the origin of organic acids but also upon the entire

metabolic system of the plant.
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As one goes westward from the Mississippi River, he traverses land of de-

creasing annual rainfall and reaches a zone of black soil extending almost

straight north and south, from Canada to the Gulf. In this zone of chernozem

soils rainfall is sufficient for the growth of good crops of grasses and of the cereal

grains such as wheat. The western edge of this belt marks the beginning of

arid, soils. It coincides fairly well with the 100th meridian, which is often

taken as the eastern boundary of the arid West. To fix the location in your

mind, the 100th meridian forms the east-west boundary between the Texas

Panhandle and Oklahoma and it lies 2 degrees east of the Colorado-Kansas

boundary. I would include in the arid West all land between this meridian

and the Pacific Coast except a region west of the Cascades in Washington,

Oregon, and California where the rainfall is high. The rainfall of the arid

West is less than 20 inches per annum in general, and less than 10 inches an-

nualty over extensive areas (fig. 1).

BASIC DIFFERENCES BETWEEN ARID AND FIUIVIID SOILS

In order to understand plant relationships on arid soils, let us first briefly

review a few salient differences between arid and humid soils. A more thor-

ough review of western soils and their development is given by Kellogg (8)

in his discussion of the great soil groups of the United States.

The major difference between western and eastern soils lies in the presence

of an accumulation zone of calcium carbonate. Western soils, with such an

accumulation, are called ^^pedocals,” as opposed to the acid soils of the East,

called “pedalfers."’ In the East, with more abundant rainfall, the soil water

becomes laden with carbon dioxide, and calcium and magnesium compounds

are dissolved and carried into the ground waters as bicarbonates. The re-

placeable bases are also in part removed from the clay fractions, thus forming

acid soils. Under arid conditions, more of the w^ater evaporates from the soil

surface or is lost by transpiration, and any dissolved calcium and magnesium

salts are likely to be deposited in the subsoil as carbonates. The soil colloids

are fully saturated with bases.

In the East, percolating rain waters carry downward the finely divided

clay particles. This process is called ^^podzolization.^^ Under western arid

conditions the colloids remain flocculated because of the neutral or alkaline

461
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soil reaction, and because of this condition as well as the scarcity of the trans-

porting agent (water), very little colloid is carried downward.

Under a climate noted for its lack of precipitation, hot summers, and hot

days with cool nights, the physical types of weathering have been accentuated

as compared with the East. We have, therefore, sands which are so classified

from the standpoint of grain size but which may not be high in silica content.

Though some chemical weathering has occurred in the West, it is less pro-

nounced. During the weathering processes, salts are formed, but the}^ tend

to accumulate for lack of leaching water to dissolve and carry them away.

Let us look further into this question of rainfall. The annual average for

the West is less than 15 inches. It comes in a few storms, and because of sparse

vegetation and hard uncultivated ground, runoff is great—probably 50 per

Fig. 1. Average Annual Precipitation oe the United States

{From U. S. Dept. Agr. Misc. Bui. 260)

cent. The remainder soaks in. The ground may be wet to a depth of 15

inches, if several rains follow at short intervals. Thus, at Mandan, North
Dakota, on the eastern fringe of our arid soils, with an annual rainfall of 15.2

inches, water has penetrated beyond the depth of wheat roots only once in 25

years, according to Cole and Mathews (4), and then only under a precipitation

not duplicated during the period 1878 to 1936. Under such conditions the

surface one or two feet are charged with water annually. The water is removed
annually by evaporation and vegetation, and the vegetation is limited by the

amount of water present. The deeper soil horizons are always dry. Under
these conditions, salts arising from weathering of the soil tend to accumulate.
Such accumulations may ultimately give rise to saline soils. A great many
western soils have an appreciable content of soluble salts; in fact, measure-
ment of salt content by means of the Wheatstone bridge is a regular procedure
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in western soil surveys. The regions in which this salt content is so great that

crop growth is seriously diminished are limited.

Under conditions of low rainfall, vegetation is sparse. The amount of plant

material annually returned to the soil is small, and therefore the rate of organic

matter accumulation is low. On the other hand, the high summer tempera-

tures and prolonged summer season of the West are conducive to rapid de-

composition of organic matter. As Nikiferoff (14, p. 936) points out, these

processes leave the desert soils very poor in organic matter. At the eastern

boundary of the western soils, we have the chestnut soils. These soils have

sufficient rainfall, 15-20 inches, to support moderate grass growth, and they

are characterized, therefore, by a fair amount of organic matter. As rainfall

diminishes westward, we pass through the chestnut, the brown, the serozem,

and the desert soils. The organic matter content of the surface 3 feet of these

TABLE 1

Average compositions of soils of the arid regions of the United States*

son.

i

ORGANIC MATTER NITROGEN PaO*
(ekosphoric acid)

KsO
(potash)

Per
cent

Pounds per
acre to a
depth of

3 feet

Per
cent

Pounds per
acre to a
depth of

3 feet

Per
cent

! Pounds per
acre to a
depth of

3 feet

Per
cent

Pounds per
acre to a
depth of
3 feet

Desert 0.3 36,000 .02 2,400 .17 20,400 2.2 264,000

Serozem 0.7 84,000 .05 6,000 OO 21,600 2.2 264,000

Brown 0.9 108,000 .07 8,400 .17 20,400 2.0 240,000

Chestnut. ... ..... 1.1 132,000 .10 12,000 .12 14,400 2.4 288,000

* Data from Atlas American Agriculture and unpublished data Bureau Plant Industry.

Supplied by L. T. Alexander.

soils decreases from 132,000 pounds per acre in the chestnut soils to 36,000

pounds in the desert soils, as is shown in table 1.

PLANT PROBLEMS ON ARID SOILS

In dry farming, where no irrigation water is added, the greatest limiting

factor to plant growth is, in most years, lack of moisture. We know from

experience that addition of fertilizer and maintenance of ah other plant growth

factors at a maximum will help but little in years of low rainfall. This also

follows from the generalized yield equation as developed by Mitscherlich,

Baule, and Reidemeister (16) . The same soils may be irrigated, yet here when

the masking effect of moisture as a limiting factor is removed, we can soon

discern and study to better advantage the other soil conditions and growth

factors and how they affect plant growth.

In addition to its action as a plant growth factor, per se, moisture in the

soil modifies greatly the rate of bacterial and chemical processes. In this way,

water governs the availability of other plant foods such as phosphorus, or the

production and accumulation of nitrates.
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Phosphorus availability

A recent congressional investigation of the phosphate resources of the nation

shows that there are vast deposits of rock phosphate in the States of Idaho,

Utah, Montana, and Wyoming. Froin table 1 we see that the total P2O5 con-

tent of western soils is high, averaging about 0.16 per cent. Nonetheless, the

surface soils in some of these areas may be deficient in phosphorus avaEable

to plants. A map published in Technology on the Farm (7, p. 118) indicates

areas of the United States where the feed grown is deficient in phosphorus for

animal feeding purposes. On this map, a large part of the State of Montana

is shown as deficient in available phosphorus, and because of soil similarities,

other states to the south are believed to be in the same category. This agrees

with the general response by plants to phosphate fertfiizers in this area.

Western soils, like all other soils, furnish phosphorus to plants from both the

organic and the mineral components. The rate at which phosphorus becomes

available from the organic fractions depends mainly on whether or not con-

ditions are favorable for bacterial and fungal decomposition of the organic

matter.

The amount of phosphorus made available in this way depends on the amount

of organic matter present and its rate of decomposition. The higher soil

temperatures in the desert increase rate of decomposition, whereas low mois-

ture contents diminish the rate. In the desert regions the net effect is a rather

low rate of availability of organic phosphorus.

: The mineral part of these soils tends to fix phosphorus. Hibbard (6) lists

the factors influencing phosphorus fixation in western soils as follows r

Soil reaction is the most important factor governing phosphate availability, witi: L'p 1 I

values decreasing this rate. High soluble and replaceable calcium-ion contents alsc (ic c] cr..rv2

the availability of phosphorus. The fixing power of soil colloids for phosphorus in-

(

Si02

R2O3

Western soils with but few exceptions are alkaline in reaction. Under r.iich

conditions, the addition of insoluble phosphorus fertilizers such as izyj ]:)hoc-

phate rock is almost without effect. This was stressed by a number of state

representatives at a phosphate conference held in Ogden, Utah, September,

1940. Addition of soluble phosphorus fertilizers such as superphosphate or

ammonium phosphate is beneficial in many instances, provided large quantities

are used. Sugar beet, a widely grown western crop, responds readily to soluble

phosphorus applications, and over half the acreage undoubtedly receives such

fertilization. McGeorge and Breazeale (9) consider that the soluble phos-

phorus is precipitated in alkaline soils as a very insoluble basic carbonate-

apatite. Buehrer (2) in a study of ionization constants of soil phosphates, and
particularly the system CaHP04-CaC03-H2C03, showed that the equilibrium

phosphate concentration is directly proportional to the hydrogen-ion concen-
tration and inversely proportional to the calcium-ion concentration. Since
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according to McGeorge (li) the pH of the soils containing calcium carbonate

may be as great as 9.4 to 9.7, solubility of native phosphorus is veiy lo\¥.

The cost of reducing soil pH values by additions of acid is usually prohibitive,

but sulfur shows promise. Sulfur on oxidation forms sulfuric acid.

McGeorge and Frazier (12) have applied sulfur in bands around citrus trees

to cause local zones of reduced pH. Under such conditions triple superphos-

phate was more effective in producing yields, that is, less phosphorus was
fixed by the sulfur-treated soil than by the untreated soil. It would seem
desirable in calcareous soils such as occur in the Salt River Valley of Arizona,

to use local application of phosphorus fertilizers in the root zone. This can

be done as band or spot applications with most crops. Coarsely granulated

fertilizers would also seem to be desirable for the same reason, that is, the

fertilizer is not intimately mixed with the soil and thus reduces the formation

of insoluble or difficulty soluble compounds in which the phosphorus is only

slightly available to plants. If most of the fertilizer remains out of contact

with the soil, the phosphorus within this fertilizer volume is still highly avail-

able to the plant roots which penetrate it. More recently the nature of the

clay mineral has been shown markedly to affect phosphorus availability.

Thus, Stout (18) has shown that kaohnite wiU fix very large quantities of

phosphorus by exchange of OH ions for phosphate ions. Bentonitic clays,

on the other hand, do not appear to fix phosphate in this manner.

Chlorosis and minor element deficiencies

One of the major plant problems on western soils is that of chlorosis.

^^Chlorosis^’ is a generic term, of course, but the principal cause for chlorosis

in the West appears to be lime in the soil and the problems of malnutrition

associated with calcium carbonate and high pH values. In some areas in

Idaho, for instance, cottonwood trees have greenish yellow foliage.

Many writers have discussed the relationship between calcium carbonate,

high soil pH values, and chlorosis. It was early believed that chlorosis oc-

curred because of an iron deficiency (1). We now know that there are many
types of chlorosis. Some occur on acid or neutral soils for lack of essential

minor elements such as zinc (3) and manganese (IS)
,
but deficiencies of this type

are far more common on alkaline soils. In other areas ferrous sulfate sprays

are decidedly beneficial. Chlorosis is a major problem in the West. It is

present in most of the irrigated areas and is very severe on some crops.

The usual treatment of field crops has been to check the crops for deficiencies

and to supply these as spray applications. For tree crops, tree injections,

spray applications, and soil applications of the deficient mineral are used.

That the character of the rootstock is also a factor in chlorosis has been

shown by Hendrickson (5) for pears. He found Pyrus communis to he

better stock under calcareous conditions than Pyrus serotinus. On similar

soils, Wann (19) found Concord grape scions on Vinifera rootstocks resistant

to chlorosis, which is prevalent with other common rootstocks. According



466 O. C. MAGISTAD

to Baker,^ of Idaho, prunes on plum rootstocks fared much better on high

lime soils than did prunes on peach stocks.

Calcium

McGeorge (10) has suggested that because of the high pH value in some

Arizona soils, plants may lack available calcium.

On a number of such high pH soils only a trace of soluble calcium could

be found. Additions of sulfur or acid usually improved plant growth, but

this may have been due to increased availability of elements other than cal-

cium. Calcium nitrate as a source of nitrogen has been more beneficial than

other forms in several areas of the Salt River Valley of Arizona having high

soil pH values. In such high pH soils carbon dioxide is low. Additions of

organic matter usually improve these soils, and it may be that liberation of

appreciable quantities of carbon dioxide reduces the soil pH below the critical

limits and renders plant foods, including calcium, available.

Organic matter

It is difficult to maintain an adequate supply of organic matter in western

soils. Under conditions of hot summer temperatures and, in irrigated regions,

of optimum moisture, organic matter is rapidly oxidized. In these soils a

store of organic matter is greatly to be desired, first, as a soil conditioner,

especially on soils which are high in clay or are deflocculated by a high content

of sodium salts; second, as a source of carbon dioxide to regulate soil reaction

and plant food availability; third, as a source of major plant foods such as

nitrogen and phosphorus; and fourth, as a concentration medium for some

of the micronutrients such as zinc, copper, and molybdenum.

In reclamation practices on saline soils, growth and incorporation of organic

matter, usually as a green manure crop, is one of the favored practices. That

organic matter is a potent source of nitrogen has long been known, but that

organic phosphorus may constitute a significant part of the phosphorus taken

up from a soil has been realized only in the last decade.

With loss of organic matter, the fertility of the soil may be seriously im-

paired. As an example of this, Stephens (17) has tabulated the wheat yields

obtained over the past decade on plots in eastern Oregon receiving various

organic matter treatments. In this region, rainfall is deficient, and fallowing

to conserve moisture is a widespread practice. In spite of better fallowing

practice, wheat yields are decreasing where the practices do not return organic

matter to the soil. These soils when virgin, contained 0.113 per cent nitrogen

in 1912. In 1922, the value was 0.088 per cent, and in 1932, 0.077 per cent.

When, however, barnyard manure or mineral nitrogen is applied or legumes

are grown, wheat yields are decidedly greater. Under irrigation conditions

it is possible to add soluble fertilizers to the water supply. A part of the

nitrogen fertilization on the West Coast is now added as ammonia to the ir-

^ Private communication.
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rlgation water. The practice tends to counteract increasing salinity because

the ammonia is rapidly oxidized to nitrate and no unassimilated cation or

anion is added. The use of ammonium sulfate is also widespread on calcareous

soils because this fertilizer material is acid forming. The increased acidity

renders more calcium soluble and usually improves saline agricultural lands.

Soil salinity

A large proportion of soils in the West contain appreciable quantities of

soluble salts. These salts have arisen by soil weathering, and because the

rainfall has not been sufhcient to leach them away, they remain or are ac-

cumulated in the soils of lower elevations, forming our saline or ^‘alkali’’ soils.

Because such soils may be unproductive or diffi-cult to manage, soil surveys

regularly make conductivity readings to determine salt contents and indicate

these areas on the soil map. The calcium present in the soil solution tends to

precipitate as calcium carbonate, leaving sodium, in many instances, as a

predominant base. Under these conditions, sodium becomes the principal

replaceable base in the soil colloids, the soil becomes impervious, and because

leaching is diminished, more salts accumulate. These are the conditions

associated with soil salinity.

Crop production on irrigated lands is usually good, but the type of farm

management is more exacting than under humid conditions. The 1930 Irriga*

tion Census listed the value of crops on cultivated land of the United States

at $22 an acre and that of crops on irrigated land at $61 an acre. Irrigated

soils of the West are fertile, and with water relations controlled, yields are

usually very high.

The West has a relatively small population. The production of vegetables

for shipment east is most profitable in the winter months, when only the

southern areas have a sufficiently mild climate to allow this. Furthermore,

subtropical crops grow only in the south. This leaves the more northern

farmer growing irrigated crops such as alfalfa, sugar beets, apples, and potatoes.

The composition and concentration of irrigated waters is of great importance.

The water at the source of the western rivers is usually very low in salt content.

Water may be removed in the upper parts of the river for irrigation. Evapora-

tion and transpiration increase the concentration of salts in the remaining

water and soil. Drainage returns these salts to the river and the river water

thus becomes more concentrated. This process is repeated many times in a

river such as the Rio Grande. Thus we have the picture shown in figure 2,

in which the water near the mountain source contains about 1 equivalent per

million of salts, whereas at Fort Quitman, below El Paso, the river contains

over 32 equivalents per million.

In the Northwest, waters derived from snow are abundant. A typical

analysis of such a snow-fed stream is that of Snake River at Hagerman, Idaho.

This is shown in figure 3, together with analyses of irrigation waters of the Rio

Grande and of Colorado River, the last two being representative of the rivers
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where water is diverted for irrigation at Elephant Butte Dam and at Yuma

respectively. For the sake of comparison, the composition of Potomac River

at Cumberland, Md. is also shown.

In sandy soils copiously irrigated, the concentration of the soil solution

may be but slightly greater than that of the irrigation water. On heavy soils

sparingly irrigated and with poor penetration, there may be very little leaching,

and as a result the soil solution becomes increasingly concentrated and may be

Fig. 2. Weighted Mean Salt Content oe Rio Geande at Dieeeeent Gaging Stations

Data derivedfrom report of Bureau of Plant Industry, pp. 456-461, inch, Regional Planning,

Part VI, Upper Rio Grande, National Resources Committee, 1938

as much as 150 times as concentrated as the original irrigation water. At

concentrations of the soil solution or nutrient solution up to 20 equivalents

per million most plants show little decrease in yield. At increasing concentra-

tions, yields fall off much faster. Unpublished work of the U. S. Regional

Salinity Laboratory, a cooperative Regional Laboratory between the western

states and the U. S. Department of Agriculture, has shown that the reaction

of the plant to salt concentrations depends on the total concentration, the kind
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of plant, the kind of salts present, and the climate, and we are confident that

the soil type will be found to be extremely important.

Almost nothing is known regarding the mechanism of how the more concen-

trated soil and nutrient solutions reduce plant growth or concerning the effects

on the quality of fruit or on the structure of the plants. We do know that

alfalfa grown on the more concentrated solutions, for instance, becomes more

Fig. 3. Weighted Mean Salt Content of Representative Rivers in Eastern and

Western United States

Potomac

—

U. S. Geol. Survey Water-Supply Paper 236: 93, 1909,

Snake—at Hagerman, Idaho. U. S. Geol. Survey Water-Supply Paper 774: 174, sample 2,

Rio Grande—at Elephant Butte, New Mejdco. Regional Planning, Part VI, Upper Rio

Grande, p. 458, National Resources Committee, 1938.

Colorado—at Yuma. Analyses 1939 by Division of Irrigation Agriculture, Bureau of Plant

Industry.

succulent with thicker leaves, but we do not yet know the effect on the feeding

value of the alfalfa.

It is very difficult in many instances to establish a crop on irrigated land

that tends to be saline. Thus, lettuce is planted on the shoulders of beds in

the Salt River "Valley of Arizona, for the evaporation from the bed causes such

a high salt concentration at the crown of the bed that if lettuce were planted

there germination and early growth would be markedly reduced. By planting
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in tlie shoulder of the bed this is avoided. As rain sometimes washes this

surface-accumulated salt containing nitrate into the soil and subsoil of the

bed, a rain at this stage is equal to a nitrogen fertilization, according to

McGeorge, Wharton, and Frazier (13).

Sugar beets and alfalfa may also require special treatments to reduce soil

salt concentrations to a point where a stand can be obtained. The older

plants will tolerate more salt than will seedlings.

RESEARCH NEEDS

A few of the subjects in the field of soils and plants which need investigation,

primarily from the standpoint of western regions, are listed as follows without

regard to their relative importance:

Better methods of obtaining the soil solution from heavy soils near the wilting point, and

methods of analyzing such solutions. There has been marked progress in meeting this prob-

lem at the Regional Salinity Laboratory.

Knowledge of the laws governing moisture flow in unsaturated soils. How rapid is the

movement? How do salts afiect the moisture properties of soils and colloids? How should

tile drains be installed for maximum efficiency?

What differences do we find in rootstocks with reference to salt tolerance? Why is Prunus

Davidiam as a peach stock so tolerant to saline conditions?

Do saline conditions increase seed setting as in alfalfa? What is the effect on fruit quality,

on length of cotton fiber, on carotene content of alfalfa?

How can we manage an alkaline calcareous soil so that fertilizers normally precipitated

or rendered inactive under such conditions remain available to plants? This is the problem

of phosphorus availability, manganese availability, chlorosis. Will granular acid-reacting

fertilizers be more effective than the ones used at present?
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A discussion on availability of ions in light sandy soils of low natural fertility

resolves itself primarily into a consideration of the soil factors influencing the

utilization of fertilizer materials applied. Two of the soil factors that de-

termine to a large extent the efficiency of fertilizers are fixation and leaching.

Fixation of ions into nonexchangeable and difficultly available forms presents a

serious problem in heavier soils, but leaching of soluble fertilizer constituents,

especially during periods of excessive rainfall, constitutes an equally important

factor governing the utilization of ions in light sandy soils with low exchange

capacities. Regardless of how readily available the fertilizer material may be,

as determined by its solubility, a large portion of the material will not be

utilized if the soil conditions are such as to favor its loss by leaching. It will

be shown presently, for example, that magnesium is utilized by citrus more

completely from magnesium carbonate than from magnesium sulfate when
applied in equivalent amounts to acid sandy soils. Thus solubility is not

necessarily a good criterion of availability.

In predicting or evaluating the availability of a given fertilizer material

under field conditions, due consideration must be given to soil t3q>e and soil

conditions. Soil reaction is one of the principal factors influencing fixation

and leaching of many fertilizer constituents and therefore plays an important

role in governing the availability and utilization of ions in light sandy soils.

Likewise the availability of the native supplies of the more insoluble nutrients,

as for example, conversion of potassium from nonexchangeable to exchangeable

forms, is influenced by soil reaction.

In the discussion of the effect of soil reaction on the availability and utiliza-

tion of ions, reference will be made primarily to the light sandy grove soils of

the Norfolk, Blanton, and Eustis series in Florida. These are perhaps the

lightest soils utilized for agriculture in this country. The surface layer, in

which most of the fine fibrous root system is found and which is seldom more

than 6 inches thick, has an exchange capacity between 2 and 3 m.e. per 100

gm. The exchange capacity of the subsurface soil is usually less than 1.5.

The base-exchange capacity of these soils is determined largely by the amount

of organic matter present. The exchangeable base content of the surface

^ Present address, department of agronomy, Cornell University, Ithaca, N, Y.
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layer is considerably higher than that of the subsoil because of its higher organic

matter content and gi'eater exchange capacity. The data listed in table 1

show the average amounts of the various constituents found in 55 grove soils

of the Norfolk series (20). Because of the low natural fertility of these soils,

large amounts of complete fertilizer are applied annually to supply the neces-

sary plant nutrient elements. A 20-year-old grove will receive annually

approximately 3,000 pounds of 4-6-8 fertilizer per acre or its equivalent in

addition to the so-called secondary elements such as magnesium, manganese,

zinc, and copper. In view of the low exchange capacity and the porous nature

of these soils and the large amounts of fertilizer applied, losses by leaching

are very great indeed.

The history concerning the use of lime and other basic materials in Florida

citrus groves serves to illustrate the importance of proper pH control in soils

of this texture. In the period from about 1910 to 1917 large amounts of lime

were indiscriminately applied to grove soils. Floyd (8) described the injury

TABLE 1

Average amounts of various constituents found in 55 Norfolk {grove) soils

DEPTH

EX-
CHANGE
CAPAC-
ITY*

pH
BASE

SATURA-
TION

EXCHANGEABLE BASESf AVAIL-
ABLEm

ORGANIC
MATTER

Mg K Mn Zn Cu

inches m.e. ^ef cent lbs. lbs. lbs. lbs. lbs. lbs. lbs. per cent

0-6 2.72 5.56 57.

3

520 39 73 3.2 0.91 0.55 408 1.56

0-18 1.26 5.03 17.8 66 6 26 0.8 0.36 0.26 61 0.70

* Per 100 gm. soil,

t Per acre (2,000,000 lbs, soil).

t P determined by Truog’s method.

resulting from excessive applications of limestone as “characterized by a

trenching of the foliage, a partial defoliation, the presence of multiple buds ... a

bushy, somewhat rosette-like growth of the terminal branches and a dying

back of the branches.” These symptoms are now recognized as those com-

monly associated with zinc and manganese deficiencies (4, 5). Camp and
Reuther (3) found that groves on sandy soils with pH values higher than 6

were very commonly affected by zinc deficiency. Following this overliming

injury, growers were very reluctant to use any form of lime on grove soils until

about 5 years ago. In addition, the increasing use of acid-forming fertilizers

without the correction of the resultant soil acidity aggravated the depletion

of the supplies of the less abundant elements in soils—magnesium, manganese,
zinc, and copper—to the extent that these elements became the limiting factors

in production in most groves. The great majority of the growers are now
supplying these elements either in the spray form or in the fertilizer and are

applying dolomitic limestone and other basic materials to maintain soil re-

action between pH 5.5 and 6.
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Many points have been advanced in explanation of the beneficial results

derived from liming, such as direct nutrient effect of calcium and magnesium,
stimulating action upon microbiological activity, improvement in the physical

condition of the soil, neutralization of hydrogen ions, and precipitation of toxic

amounts of aluminum, manganese, and iron. Not ail these need be dwelt

upon here. Any improvement in the physical condition of sandy soils following

an application of lime is negligible. A number of tests made failed to reveal

the presence of excessive amounts of aluminum, iron, and manganese in acid

sandy grove soils with pH values as low as 4, probably beciause of liberal use of

phosphatic fertilizers and the relatively high content of readily soluble phos-

phorus of these soils. Indeed, manganese sulfate is now commonly used on
acid sandy soils with beneficial results (23), and iron sulfate is sometimes

included in the fertilizer mixtures. The favorable effect of lime and other

basic materials on microbiological activity is perhaps a significant factor.

Experiments on nitrogen sources at Lake Alfred have shown that liming has a

marked influence on the rate of nitrification. Inasmuch as part of the nitrogen

is usually supplied in the nitrate form, it is questionable whether the more

rapid nitrification would account for the apparently better fertilizer utilization

at higher pH values. The remarkable initial responses shown by citrus groves

to applications of dolomitic limestone to acid sandy soils are no doubt due to

magnesium (9, 21). The experiments now in progress at Lake Alfred, however,

in which nitrogen, phosphorus, potash, and the secondary elements are applied

with and without lime indicate that other beneficial effects follow an applica-

tion of any basic material to an acid sandy soil. The basic program, in which

the soil reaction is maintained at pH 6, is superior to the acid fertilizer program

as measured by the general appearance and vigor of the trees as well as the

fruit yields. It would seem, therefore, that the maintenance of proper soil

reaction must result in a more efficient utilization of the fertilizer materials

applied.

DEGREE OF BASE SATURATION IN RELATION TO SOIL REACTION

The percentage of base saturation may be defined as the sum of the ex-

changeable bases, excluding hydrogen, expressed as per cent of the exchange

capacity.

Per cent Base Saturation = ——^

X

100
Exchange Capacity

where S B represents the sum of the exchangeable bases, excluding hydrogen,

expressed in milliequivalents per 100 gm. of soil. The relation of the degree

of base saturation to soil reaction is shown in figure 1, in which the percentages

of base saturation are plotted against the respective pH values of a number

of light sandy soils of Florida. Since by definition, base saturation may be

interpreted as the amount of base per unit quantity of total potential acidity,

it is evident that the relationship shown in figure 1 is similar to a curve obtained
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by titrating a weak monobasic acid with a strong base. Bradfield (1) has

shown that the ^^apparent dissociation constants’’ of several acid colloidal

clays obtained from the titration curves by means of the following well-known

relation,

pH = pK + log^ (A)

PER CENT BASE SATURATION

Fig. 1. Relationship between pH Value and Percentage Base Saturation in Both
Surface and Subsurface Soil Samples

The curve represents a theoretical titration curve of monobasic acid having a pK value
of 5.52, which is the ‘‘average apparent pK value” found for all of the soil samples. Solid
dot, surface soil; open circle, subsoil.

agreed closely with the values obtained by other methods. Applying equation
(A) to base exchange data,

pH = pK -f- log ~—— (^)® Exchange Capacity
^

From the data on the exchange capacity, the sum of the exchangeable bases
excluding hydrogen (S B)

,
and the pH value, the average “apparent pK value”
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as calculated by means of equation (jB) was found to be 5.52 and was used in

drawing the theoretical titration curve shown in figure 1. It wiE be noticed

that the base saturation is increased from 25 to 75 per cent by increasing the

pH value of a soil from 5 to 6 . Regardless of the exchange capacity, the total

amount of exchangeable bases (excluding hydrogen) may be expected to

increase approximately threefold per unit increase in soil reaction from pH 5

to 6 . Hence one of the fundamental reasons for the maintenance of proper

soil reaction in light sandy soils with low exchange capacities is to provide

adequate supplies of exchangeable calcium and magnesium in order to balance

the judicious and economical use of phosphorus and nitrogen, Davis and
Brewer (7) have recently pointed out that the available calcium content of

many Coastal Plain soils is probably too low for proper assimilation of phos-

phorus and nitrogen. Careful pH control for this reason is of lesser importance

in heavier soils with higher exchange capacities.

LEACHING IN RELATION TO SOIL REACTION

In considering the effect of soil reaction on leaching of plant nutrients in

the soil, it seems desirable to differentiate between the native supplies of

available nutrients and the added fertilizer constituents. Under acid soil

conditions the native supplies of many soil nutrients become depleted more

rapidly because of greater dissolution of soil minerals and less soluble com-

pounds. Since the total reserve of plant nutrients is low in light sandy soils

of low natural fertility, the present discussion will be concerned primarily

with the effect of soil reaction on the fate of some fertilizer materials commonly

applied.

Numerous investigations (1, 12) have shown that the adsorbed bases are

not equally exchangeable and that the ease with which the various cations

are replaced from the soil by other cations from their neutral salts decreases

in the order of the usual ionic series;

Li > Na > K = NH4 > Rb > Cs > Mg > Ca > Ba > H

Lithium is most easily replaced, whereas hydrogen is most difficult to replace

and is adsorbed most strongly of all the cations. In addition to the nature

of the ion as revealed by its position in the lyotropic series, the concentration

of the ion, the degree of dissociation, and the solubility of the end products

resulting from the exchange reaction also determine the extent of the exchange.

Peech and Bradfield (19) found that the adsorption of potassium from potas-

sium chloride by colloidal clay increased rapidly with the increasing degree of

calcium saturation, as shown in figure 2. In the reaction, which may be

represented,

Ca
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the adsorption of potassium was largely due to the replacement of the adsorbed

calcium. Though comparatively little hydrogen is exchanged by cations from

their neutral salts, it is readily replaced by lime and other basic materials

commonly used to correct soil acidity, and the following reaction proceeds to

the right with the evolution of carbon dioxide:

H (soil) + CaCOs ^^ (soil) + H2O + CO2

Fig. 2. Relation of the Degree of Calcium Saturation of Colloidal Clay to the
Adsorption of Potassium from Potassium Chloride

From the above considerations it would seem logical to expect that application

of lime to an acid soil should favor the adsorption and thus reduce leaching of

fertilizer materials applied in the form of neutral salts of strong acids such

as KCl, K2SO4, MgS04, and (NH4)2S04. Unfortunately, the validity of this

generalization as applied to the various neutral fertilizer salts has not been
sufficiently tested under field conditions, but a few experiments will be cited

to illustrate the principle.

In a comparison of different sources of magnesium, varying amounts of

magnesium carbonate and magnesium suKate were applied annually to Norfolk
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fine sand with an initial pH value of 5. The analytical results obtained at the

end of the third year are listed in table 2 to show the relative effectiveness of

the two sources of magnesium in increasing the exchangeable magnesium con-

tent of the soil. It will be noted that despite the heavy annual applications

of magnesium sulfate, the amount of exchangeable magnesium in the soil was
not appreciably increased, indicating that magnesium in this form is subject to

rapid loss by leaching in acid sandy soils. On the other hand, magnesium
carbonate, especially at higher rates of application, was very effective in build-

ing up the exchangeable magnesium content of the soil. Analyses of the

foliage from the trees in these plots made by Fudge (10) showed that on the

basis of equivalent amounts of magnesium applied, the trees actually utilized

magnesium much more ef&ciently from magnesium carbonate than from the

more soluble magnesium sulfate. When magnesium sulfate, however, was used

in conjunction with lime on an acid soil or applied after the correction of soil

TABLE 2

Changes in exchangeable magnesium content and soil reaction induced in Norfolk fine sand

following three annual applications of magnesium carbonate and magnesium sulfate

ANNUAL
APPLICATION

MATERIAL APPLIED

Magnesium Carbonate (41 per cent MgO) Magnesium Sulfate

(30 per cent MgO)

pH
1

Ca found Mg found pH Mg found

lbs* 1 lbs* lbs* lbs*

Check 5.15 335 8 4,90 8

100 5.35 485 17 4.85 10

200 5.30 i 445 22 4.80 11

400 5.45 465 38 4.80 14

800 6.35 665 161 4.85 19

* Per acre (2,000,000 lbs. soil).

acidity, this loss of magnesium by leaching was greatly reduced. It will be

noted in table 2 that the exchangeable calcium content of the soil treated

annually with 800 pounds of magnesium carbonate per acre was approximately

twice that of the check plot. This increase in exchangeable calcium cannot

be attributed to impurities in the high-grade precipitated magnesium car-

bonate used in the experiment, but is more likely due to the greater efficiency

of the soil at higher pH values to adsorb calcium from neutral salts introduced

with the superphosphate in the mixed fertilizer. Ordinary superphosphate,

containing about 50 per cent calcium sulfate, was used as a source of phos-

phorus in this experiment. It is apparent from table 2 that calcium applied

as superphosphate was subject to loss by leaching in the acid soil as shown by

analysis of the soil in the check plot, but the substitution of magnesium for

the adsorbed hydrogen in the soil treated with magnesium carbonate favored

the adsorption of calcium from this source, magnesium being the cation

exchanged.
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In order further to demonstrate leaching of cations applied as neutral salts

in soils at various pH values, a laboratory experiment was set up with three

soils. Soil 1, Norfolk fine sand, was taken from a citrus grove; soil 2 was a

hydrogen-saturated soil obtained by leaching soil 1 with hydrochloric acid

followed by leaching with water to remove the free acid; soil 3 was virgin

Norfolk fine sand. The analyses of the three soils are given in table 3. Known

amounts of standard solutions of magnesium chloride, potassium chloride,

and manganese sulfate were added to a series of 50-gm. samples which had

been previously adjusted to different pH values with calcium hydroxide.

The soils were then brought to 50 per cent moisture content and allowed to

stand for 48 hours, after which time sufficient water was added to make a 1 :

2

soil-water suspension. The suspensions were then stirred and filtered. Cal-

cium, magnesium, potassium, and manganese were determined in aliquots of

TABLE 3

Chemical composition of soils used in studies on leaching and fixation

son.
NTJM-

1

DESCRIPTION

EX-
CHANGE pH

EXCHANGEABLE BASESf AVAIL-
ABLE

WATES-
SOLU-

3£S i

CAPAC-
ITY* Ca Mg K

1

Mn m \

BLE Pt§

m,e. lbs. lbs. lbs. lbs. lbs. lbs.

1 Norfolk fine sand, grove

soil

2.04 5.10 580 10 23 2.0 545 19

2 Same as soil 1, hydro-

gen-saturated

2.00 3.10 13 2 12 0.8 20 16

3 Norfolk fine sand, vir-

gin soil

2.08 5.30 155 29 20 3.5 20
1

4

* Per 100 gm. soil,

t Per acre (2,000,000 lbs. soil).

t P determined by Truog’s method.

§ P soluble in 1:5 soil-water extract.

the extracts, and the analytical results, listed in table 4, show the amounts of

the various constituents applied as well as the amounts found leached at

different pH values. It will be noted that increasing the pH of the three soils

resulted in considerable reduction of the amounts of magnesium and manganese
leached but had very little effect on the leaching of potassium. Inasmuch as

the base-exchange property of these soils is derived largely from the organic

matter (20), it is possible that potassium forms soluble organic complexes at

higher pH values and leaches in this form. This may explain why leaching of

potassium from neutral salts was not appreciably affected by soil reaction in

these soils. The results of this experiment substantiate those obtained under
field conditions and would support the conclusion that potassium, in contrast

to calcium, magnesium, and manganese, applied in the form of neutral salts is

subject to rapid leaching in light sandy soils regardless of soil reaction. It is

probable that the diminution in the amounts of magnesium and manganese
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leached at higher pH values may be attributed partly to the formation of in-

soluble compounds, but it will be noted that a rapid reduction in leaching of

these cations with increase in pH occurred in [the lower pH range. Further-

more, soil 2, from which virtually all of the readily soluble phosphorus was
removed, as shown in table 3, gave results similar to those of the original soil

(No. 1). It would appear, therefore, that the reduction in leaching of mag-
nesium and manganese noted above was primarily due to the greater efficiency

of the exchange complex to adsorb cations from, neutral salts at higher

pH values.

TABLE 4

Effect of soil reaction upon leaching of magnesium^ potassium^ and manganese, applied as neutral

satis, at different pH values

SOIL
NIIM- pH

APPLIED’*! LEACHED*!

B£R Ca Mg K Mn Ca Mg K Mn

Ihs. lbs. lbs. n>s. lbs. lbs. lbs. lbs.

5.0 40 88 77 22 210 62 72 7.5

1
6.0 280 88 77 22 226 54 69 4.5

JL

7.0 600 88 77 22 275 44 69 2.3

8.0 1040 88 77 22 325 38 73 0.8

3,1 0 88 77 22 16 66 72 13.0

4.0 535 88 77 22 73 54 66 8.0

0 5.0 1000 88 77 22 130 51 65 4.7
£.

6.0 1500
1

88 77 22 146 37
’ 63 2.5

7.0 1820 88 77 22 195 35 65 1.8

8.0 2480 88 77 22 260 33 65 0.8

5.2 0 88 77 22 32 63 67 10.0

6.0 320 88 77 22 57 48 64 4.9
3

7.0 880 88 77 22 120 37 64 2.3

8.0 1560 88 77 22 250 33 64 1.0

* Per acre (2,000,000 lbs. soil).

t Calcium applied as hydroxide; magnesium and potassium as chlorides; manganese as

suHate.

t Found in 1:2 soil-water extract.

BIXATION m RELATION TO SOIL REACTION

It has been shown that the addition of lime to correct excessive soE acidity

reduces losses by leaching and thus helps to conserve the more valuable ferthizer

constituents applied in the form of neutral salts. Raising the pH value, how-

ever, by the iudiscriminate use of lime to the point favorable to fixation of ions

into nonexchangeable or more insoluble forms may offset any benefits derived

from liming. The order in which the deficiencies of different elements subject

to fixation at higher pH values are induced by overliming wiU vary in ac-

cordance with the requirements of different crops. Naftel (18) and others
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(IS) have recently shown, that overliming injury to a number of annual crops

can be overcome by the application of boron. That soluble manganese salts

are readily oxidized and precipitated as manganese dioxide in alkaline soils is

well known. Some of the calcareous soils in Florida that had received over

1,000 pounds of manganese sulfate per acre showed upon examination less

than one pound of exchangeable manganese in the surface 6 inches of soil (4).

Camp and Reuther (3) and Mowry and Camp (16) found that zinc deficiency

in both citrus and tung oil trees can be readily induced by liming above pH 6.

This is in agreement with the work of Lott (14), who reported that the toxicity

of heavy applications of zinc oxide could be inhibited by the addition of lime

to raise the pH of the soil to 6. Recent investigations of Hibbard (11) have

also shown that zinc is not readily replaced by cations of neutral salt solutions

and that only acid solvents extract appreciable amounts of zinc from soils.

The results of some of the preliminary experiments reported below would tend

to substantiate the field observations—that both zinc and copper are fixed

even in light sandy soils at comparatively low pH values.

The soils used in this study were those listed in table 3. Fifty-gram samples

of each of the three soils were adjusted to different pH values with calcium

hydroxide. After the establishment of equilibrium, as shown by pH measure-

ments, known amounts of standard solutions of zinc sulfate and copper sulfate

were added, and the soils were brought to 50 per cent moisture content. After

they stood for 48 hours, sufficient water and 2 N sodium chloride solution were

added to make the final volume of the solution 100 ml. and 1 N with respect

to sodium chloride. The suspensions were stirred thoroughly, siphoned after

standing for 15 minutes, and centrifuged. Zinc and copper were then de-

termined in the supernatant liquid by the methods previously described (20).

The amounts of zinc and copper recovered by single extraction with 1 N sodium

chloride solution from the three soils were found to decrease rapidly with the

increase in pH of the soil, as shown in figures 3 and 4. The recovery of copper

was considerably lower than the recovery of zinc at any given pH, indicating

that copper is fixed the more strongly of the two cations. Whereas all the

zinc added to soil 2 was recovered at pH 3, only 40 per cent of the copper was
extracted from the same soil at this pH value. Another noteworthy observa-

tion is that the three soils behaved alike toward the fixation of zinc and gave

virtually the same results, as shown in figure 3. Judging by the variation of

the phosphorus content of the three soils, it is not likely that the fixation of

zinc can be attributed to phosphorus, as has been suggested by West (25).

It should be also pointed out that the results reported here are somewhat at

variance with those published by Jones, GaU, and Barnette (13), who found
that zinc applied as zinc sulfate in amounts of less than 300 pounds of zinc

per acre to Norfolk sand was fixed in the replaceable form. The amounts of

zinc and copper fixed, as measured by single extraction with 100 ml. of 1 N
sodium chioride solution, when varying amounts of standard solutions of zinc

sulfate and copper sulfate were added to 50-gm. samples of soil 1 adjusted to

pH 6 and the suspensions allowed to stand for 48 hours, are shown in figure 5.
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It is apparent that copper is fixed more strongly than zinc, despite the fact

that both are precipitated as hydroxides (or basic salts) at this pH value (2)

pH OF SOIL

Fig. 3. Recovery oe Zinc Applied to Soils at Dieeerent pH Values by Single

Extraction with ’l N Sodium Chloride Solution

Fig. 4. Recovery oe Copper Applied to Soils at Dieeerent pH Values by Single

Extraction with 1 iV Sodium Chloride Solution

and that the solubfiities of the two hydroxides are of the same order of mag-

nitude (22). Since copper forms more ii^oluble combinations than zinc in the
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soil, it is difficult to reconcile frequent failures of heavy soil applications of

zinc sulfate at the rate of 10 pounds per tree to correct zinc deficiency (3, 6),

Fig. 5. Fixation of Zinc and Copper by Norfolk Fine Sand at pH 6 as Measured by
Single Extraction with 1 N Sodium Chloride Solution

TABLE 5

Changes in available phosphorus content iniucei in Norfolk fine sand following three annual

applications of kigh-calcium limestone

ANNUAL APPLICATION*
1

pH AVAILABLE P*t

lbs. lbs.

Check 4.85 225

200 5.30 255

400 5.50 300

800 6.20 352

1600 6.85 335

3200 7.00 400
6400 7.15 315

* Per acre (2,000,000 lbs. soil),

t P determined by Truog’s method.

whereas much smaller applications of copper seldom fail to control symptoms
of copper deficiency.

Soil reaction also has a marked influence on the availability of phosphorus.
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Phosphorus is fixed by iron and aluminum in acid soils, whereas at higher

pH values it reverts to tricalcium phosphate, the optimum pH being around
6.0. Typical results showing the effect of increasing applications of lime

on the amount of readily soluble phosphorus as determined by Truog^s method
(24) are listed in table 5. This is in accord with findings of other in-

vestigators (17).

SUMMARY

Two of the important factors that govern the availability and consequently

the utilization of ions in light sandy soils under field conditions are leaching and
jfixation, which in turn are controlled by soil reaction. If the amount of an
element utilized by the plant may be taken as a measure of availability of that

particular element, then solubility is not necessarily a good criterion of

availability.

The correction of excessive acidity of light sandy soils by liming not only

assures adequate supplies of available calcium and magnesium but also reduces

leaching of cations, applied as soluble neutral salts, by favoring their adsorption

into exchangeable form, and thus tends to conserve the more valuable fertilizer

constituents.

The indiscriminate use of lime, however, to raise the pH value of the soil

to the point favorable to fixation of ions into nonexchangeable and nonavailable

forms may offset any benefits derived from liming. Among the elements that

are rendered unavailable by overliming, zinc and copper are fixed at com-

paratively low pH values.

REFERENCES

(1) Brabmeld, R, 1931 Some chemical reactions of colloidal clay. Jour. Fhys. Chem.

35: 360-373.

(2) Beitton, H. T. S. 1925 Electrometric studies of the precipitation of hydroxides:

IV. Precipitation of mercuric, cadmium, lead, silver, cupric, uranic, and ferric

hydroxides by use of the oxygen electrode. Jour. Chem. Soc. 127: 2148-2159

(3) Camp, A. F., and Reuther, W. 1937 Studies on the effect of zinc and other unusual

mineral supplements on the growth of horticultural crops. Fla. A^r. Exp. Sta.

Ann. Rpi. 1937;' 132-135.

(4) Camp, A. F., and Peech, M. 1938 Manganese deficiency in citrus in Florida. Proc.

Amer. Soc. Hort. Sci. 36: 81-85.

(5) Camp, A, F., and Fudge, B. R. 1939 Some symptoms of citrus malnutrition in

Florida. Fla.Agr.Exp:Sta.Bul.d,ZS\l~SS.

(6) Chandler, W. H, 1937 Zinc as a nutrient for plants. Bot. Gaz. 98: 625-646.

(7) Davis, F. L., and Brewer, C. A. 1940 The effect of liming on the absorption of

phosphorus and nitrogen by winter legumes. Jour. Amer. Soc. Agron. 32: 419-

' ,425. .
, ,

(8) Floyd, B. F. 1917 Some cases of injury to citrus trees apparently induced by ground

limestone. Fla, Agr. Exp. Sta. Bui. 137: 163—179.

(9) Fudge, B. R. 1939 Relation of magnesium deficiency in grapefruit leaves to yield

and chemical composition of fruit. Fla. A gr. Exp, Sia. Bui. 331 : 1-36.

(10)

Fudge, B. R. Physiological studies. Fla. Agr. Exp. Sta. Ann. Rpt. 1940 (in press).



486 MICHAEL PEECH

(11) Hibbard, P. L. 1940 The chemical status of zinc in the soil with methods of analysis

EilgarMa

(12) Jenny, H. 1932 Mechanism of ionic exchange in colloidal aluminum silicates. Jour.

' Phys. Chem. 36: 2217-2258.

(13) Jones, H. W., Gall, 0, E., and Barnette, R. M. 1936 The reaction of zinc sulfate

with the soil Fla. A gr. Exp. Sta. BuL 29S: 1-43.

(14) Lott, W. L. 1938 The relation of H-ion concentration to the availability of zinc

in the soil. Proc. Soil Sci. Soc. Amer. 3: 115-121.

(15) Midgley, a. R., iANd Dunklee, H. E. 1939 The effect of lime on the fixation of

borates. Proc. Soil Sci. Soc. Amer. 4: 302-307.

(16) Mowry, H., and Camp, a. F. 1935 A preliminary report on zinc sulfate as a correc-

tive for bronzing of tung trees. Fla. Agr. Exp. Sta. Bui. 273 : 1-34.

(17) Naetel, J. a. 1937 Soil liming investigations: III. The influence of calcium and

a mixture of calcium and magnesium carbonates on certain chemical changes of

soils. Jour. Amer. Soc. Agron. 29 : 526-SS6.

(18) Naetel, J. A. 1937 Soil liming investigations: V. The relation of boron deficiency

to over-liming injury. Jour. Amer. Soc. Agron. 29: 761-771.

(19) Peech, M., and Bradeield, R. 1934 The effect of lime and neutral calcium salts

upon the solubility of soil potassium. Amer. Soil Survey Assoc. Bui. 15 : 101-106.

(20) Peech, M. 1939 Chemical studies on soils from Florida citrus groves. Fla. Agr.

Exp. Sta. Bui. 340: 1-50.

(21) Peech, M. 1939 Determination of exchangeable magnesium in soils by titan yellow

with reference to magnesium deficiency in citrus. Proc. Soil Sci. Soc. Amer.

4: 189-195.

(22) Seidell, A. 1940 Solubilities of Inorganic and Metal Organic Compounds, vol. 1,

ed. 3. D. Van Nostrand Co., Inc., N. Y.

(23) Smnner, j. j., Bahrt, G. M., and Hughes, A. E. 1934 Influence of fertilizers and
soil amendments on citrus trees, fruit production and quality of fruit. Proc.

Fla. State Eort. Soc. 47: 9-17.

(24) Truog, E. 1930 The determination of readily available phosphorus of soils. Jour.

Amer. Soc. A 22: 874-882.

(25) West, E. S. 1938 Zinc-cured mottle leaf in citrus induced by excess phosphate.
Jour. Council Sci. and Indus. Res. Aust. 11: 1S2-1S4:.



SOIL ORGANIC MATTER AND ION AVAILABILITY FOR PLANTS^

WM. A. ALBRECHT
Missouri Agficvltwal Experiment Station

Received for publication January 30, 1941

Recent progress in understanding the mobility of cations around the colloidal

mineral part of the soil is sufficiently satisfactory to prompt inquiry about ion

mobility in relation to the organic matter fraction of the soil. Even though
anion behavior, like that of phosphorus, is still a secret, yet the lack of a clear

concept of all mineral phases need not deter us from giving some, more or less

speculative, attention to ion mobility centered about the organic matter.

When this small part of the soil renders such magnitudinous service in plant

production, it may well have attention with the hope that an understanding

of its behavior will elucidate, in some additional measure, the complex phe-

nomena of plant nutrition.

DOTERENT PHASES OF ORGANIC MATTER BEHAVIOR AND ION MOBILITY

The scope of organic matter behavior may well be outlined, at the outset^

by reminding ourselves that soil organic matter may be both positive and

negative in its effects. It may contribute positively in mobilizing ions for

better or more rapid delivery to the plants. Contrariwise, it may serve to

demobilize, or fix, and remove them from plant access. Effects in these op-

posite directions may be exercised simply in a physical way by the ion adsorp-

tion on the colloidal organic matter. Ions may be thus removed from solution

and held so firmly adsorbed as to become a negative factor in plant growth.

On the other hand, the ions may be adsorbed at so much higher degrees of

saturation as to be delivered more readily for plant service through the simple

processes of ionic exchange.

The breakdown of the organic matter through the decay process may serve

in a positive chemical way by contributing nutrient cations and anions to

the plants, just as any burning process delivers ash. A contrary chemical

effect may result, however, when the composition of the decaying compounds

fails to serve as a well-balanced bacterial ration and compels the microorganisms

to withdraw ions from the soil solution or from the absorption complex and

put into immobile form as insoluble microbial complexes many otherwise

mobile ions. Because bacteria can operate at lower concentrations than

more highly developed plants, this ion demobilization represents a microbial

1 Contribution from the department of soils, Missouri Agricultural Experiment Station,

Journal Series No. 719.
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competition witli plants. These aspects of ion mobility and ion immobility

in both physical and chemical ways must be appreciated if the role of organic

matter in connection with ion delivery to the growing crop is to be clearly

understood.

DECLINING SOIL FERTILITY MEANS DECLINING AMOUNT AND VALUE OF SOIL

ORGANIC MATTER

Farm manure has been considered the ‘^foolproof’’ fertilizer of the past. It

will not necessarily be so considered in the future if it is produced on, and

returned to, soils excessively tilled and depleted of their store of mobile mineral

nutrient ions. Manure, which has been valued, in the main, for its nitrogen

content must be valued also for the phosphorus, the potassium, the calcium,

the magnesium, and all the other contributions it makes as it gives up its

mineral constituents of the past plant generations to create those of the future.

The successively diminished store of ions offered by the soil is lowering the

value of the manure as it is produced from feeds and roughages grown on such

soils. By merely going back to the point whence it came, organic matter can

do little to uplift the productivity. Manure is not saturated with active

nutrient ions purely because it represents vegetative matter that went through

the animaPs digestive mill. On soils of declining fertility each cycle of organic

matter through decay and plant growth represents vegetation of type and

composition still lower in fertility level. Manures produced thereform must

reflect the advancing fertility deficiencies as they represent woody organic

matter rather than organic matter loaded with nitrogen, minerals, and other

nutrients contributed by the soil.

The growth of fungi on manure in the form of commercial mushroom pro-

duction, according to some preliminary studies,^ is suggesting that declining

soil fertility with its increasing soil acidity, or rather its decreasing exchangeable

calcium, is reflecting itself in terms of lowered mushroom-producing capacity

from much of the manure being produced at present. Perhaps this is traceable

to the lower mineral effectiveness in the straws of the bedding, in the feces,

and in the urine of the manure in the mushroom compost. Perhaps it may be

located also in the fertility-deficient casing soil as it fails to compensate for

these defects in the manure.

Organic matter merely coursing regularly through its cycle of vegetative

growth, decay, and reincorporation into a new crop of organic matter as a

natural process represents ion mobility, but is not a means of increasing the

mass of ionic nutrients in the cycle. On the contrary, it is nature’s slow method
of holding this mass from slipping downward rapidly. In the humid regions,

organic matter is not an elevator of production purely because it is of organic

nature. Rather the improved fertility in terms of more calcium, more mag-
nesium, more phosphorus, more potassium, and other similar items is the

2 Schroeder, R. A. Unpublished report. Department of Horticulture, Agricultural

Experiment Station, Columbia, Missouri.
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means of providing a greater mass of organic matter. This consists also of

improved chemical composition and is set for more rapid destruction through

its more effective service in microbial nutrition. Consequently, the higher

level of soil fertility rotates faster in these larger masses for better plant pro-

duction. Organic matter in the soil is the effect and not. the cause of the

mobile ions that represent the fertility supply of the soil.

ORGANIC MATTER BEHAVIOR BITS INTO THE COLLOIDAL CLAY CONCERT

Even though the complete separation of the partly decayed organic fraction

—the so-called humus—from the mineral part of the soil has been impossible;

nevertheless, the properties of organic matter have been worked out well enough

to establish the fact that the bulk of the soil organic matter is colloidal in

nature and behavior. Its origin from different materials, in different localities,

and under different climatic conditions may well inject variations into its

carbon-nitrogen ratio, its ash content, and its general chemical composition.

Nevertheless, with lignin and other relatively stable compounds making up
a large share of the colloid, the composition of this soil fraction is constant

enough to warrant generalization of its behavior into some broader principles.

We now know that chemical reaction is possible between the purely organic

and the purely mineral colloidal parts of the soil (7). The organic colloid and

the soil mineral colloid are similar in behavior and properties. The acid or-

ganic matter colloid from peat acts toward hydrogen replacement from its

complex by other ions according to the order of their increasing valency—

a

behavior in close agreement with that of colloidal aluminosilicate, or clay

(5). The humus colloid is, however, more highly hydrated. Its union with

calcium gives a floccule of about three times the volume of that produced by

the union of calcium with the Putnam-clay coUoid. Hydrogen and calcium

have many similar effects, whether combined with the colloid that is humus or

with that which is a mineral clay. The acid organic matter, or hydrogen

humus, however, is the more stable in water, the calcium humus being about

four times as easily resuspended after drying or flocculation.

HYDROGEN HXJMIJS MAY DECOMPOSE MINERALS

That the colloidal hydrogen humus may mobilize cations out of the mineral

crystal lattice and into its own ionic atmosphere from which these cations may
enter the plants more effectively, has recently been established by Graham.®

Pure, freshly pulverized, and acid-washed anorthite particles of silt size, when

mixed with electrodialyzed hydrogen humus, gave up calcium to the organic

colloid at rates about three times as great as to the acid, or hydrogen, clay.

Successful tests with the anorthite-treated clay for plant nourishment by the

calcium so mobilized (6) suggest that the colloidal acid humus may be serving

similarly. If this is a fact, then organic matter is not only mobilizing the stock

® Graham, E. R, Unpublished report. Department of Soils, Agricultural Expenment

Station, Columbia, Missouri.
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of ions constituting its own complex, or even not only those caught by adsorp-

tion from solution as they were passing by, but it is also apparently quarrying

some cations from rock fragments within the soil to mobilize these also.

These fundamental properties of organic matter as a colloid are helpful

in understanding ion mobility and possible offerings of nutrients to plants

through the many activities of this small fraction of the soil. Ion adsorption

and ion exchange as physical or chemical processes by the organic matter fit

into the same categories as those by the clay colloid, save that the humus

fraction has from two to six times more exchange capacity per unit weight. It

is also significant that the ash content of the humus—possibly a reflection of

the soil fertility that produced the original humus-forming plants—bears some

relation to the exchange capacity. That some variations in the physical and

chemical properties of the organic colloid should occur ought not to be seriously

disturbing, when the organic matter itself is only an ephemeral compound in

the presence of the soil microorganisms using its carbon as an energy source.

Such variations are so small that nutrient cation behavior toward organic

colloids calls for little revision of the views regarding nutrient cation mobility

from or to the colloidal clay fraction which may' well serve as the behavior

pattern. When anion activities toward both organic and inorganic colloids

are equally well cataloged, then plant nutrition will be much better understood.

ION MOBILITY AND ORGANIC MATTER IN SOIL DEVELOPMENT

Organic matter is a factor in moving ions about in the soil profile during the

processes of soil development. In the process of podzolization under forest

vegetation, the leaf litter provides a hydrogen organic colloid which moves

downward through the surface horizon of the soil beneath it. The question

may well be raised whether the podzolic surface horizon is depleted of its bases

wholly because of acidic action of the organic matter traversing it, or whether

the soil was not already highly deficient in the bases, particularly in calcium,

before the forest vegetation was established there. Since trees live largely by
rotating their mineral capital as they drop their leaves to return the minerals to

the soil for repeated use, may not the organic matter be a means of holding

minerals against leaching and thus of retarding soil development, rather than

an agency in leaching out these nutrients in what is commonly credited as the

main role of organic matter in the soil development performance known as

podzolization?

Though leaves represent rotating mineral capital, yet they are certainly a
poor bacterial ration with reference to nitrogen. Their destruction is not

rushed to completion, with carbon dioxide and water as end products. Instead,

intermediate complex humus compounds result. When organic matter is

rich in protein and also rich in the minerals required in larger quantities by
protein-producing vegetation, it decomposes so rapidly and so completely that

little humus results. Leaf humus is deficient in the growth-inducing elements;

namely, nitrogen, phosphorus, calcium, and others, but still is rich in energy-
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providing carbon. If it moves down through the soil profile without suffering

bacterial destruction, then it seems safe to conclude that it remains unattacked
by soil microorganisms, because neither it as a compound, nor the respective

soil horizons met enroute, contain the essential nutrients to make microbial

use of it possible. As such energy-supplying organic matter goes downward
toward clays of higher calcium saturation, it eventually arrives at that degree

of offerings of calcium (and probably of other cations) where, supplemented by
the soil, it becomes a balanced bacterial ration (4). Under standing water

to give anaerobiosis, the gray layer or the glei horizon of podzolic soils develops.

There iron is reduced to the ferrous condition as it contributes oxygen for

organic matter combustion. The iron becomes soluble and is moved upward
or downward as a consequence of the presence of organic matter rather than

because of high degree of soil acidity.

In the development of chernozem soils, the organic matter and calcium are

both commonly associated through the significance ascribed to the calcium in

the preservation of the organic matter. It now seems doubtful whether it is

correct to believe that chernozem soils have retained large amounts of organic

matter because this was preserved chemically by the calcium, when, in reality,

the mobility of the organic matter in combination with calcium is really in-

creased. Calcium is an agency to encourage complete combustion of organic

matter (1). The ubiquitous deficiency of calcium points out that it would

be more nearl}^ correct to believe that organic matter is accumulating because

mineral nutrient deficiences for the microbes keep it from decomposing. Then

too, since calcium humate is a much less stable compound in water than is

hydrogen humate, such increased mobility and wider distribution of the dark

color through the profile of calcium-laden horizons of open structure are ad-

ditional encouragement for bacterial destruction rather than for preservation.

Under such conditions the idea of preservation because of the presence of

calcium is untenable. A more plausible explanation of the high organic matter

content of chernozems is that the liberal supply of calcium and other bases

induces more nitrogen fixation, both symbiotic and nonsymbiotic, to produce

and to hold more carbon and to increase the organic matter content in spite

of the increased rate of its destruction by microorganisms in such a favorable

medium. Chernozems represent soil development to the maximum of ion

mobility, and of ion-organic matter complexes, all at high levels and at high

rates of seasonal turnover. In such a concept of soil development with the

help of organic matter, may be the key to high soil productivity under our

management.

ORGANIC MATTER RRODUCTION AND ION MOBILITY THROUGH PLANT GROWTH

The degree to which a soil has developed, or the extent to which the original

rock minerals have moved toward true solution and toward their final resting

place in the sea, determines in no small way the ion mobility in any soil. As

the organic matter mobilizes or demobilizes various ions, it may be an arresting
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or a hastening force to this process. It is in this respect that organic matter

itself of plant origin—^plays no small role in plant nutrition. Some recent

studies offer interesting suggestions regarding organic matter as it modifies the

mobility of calcium, nitrogen, and hydrogen. To date, the calcium and the

hydrogen have stood out among the cations because of their particular prop-

erties and because of their presence in magnitudes measurable by delicate

laboratory instruments or by particular plant behaviors. Perhaps other

nutrient ions will be brought into the picture when sufficiently accurate methods

of following their behavior become available.

MORE ORGANIC MATTER MAY MEAN MORE EXCHANGEABLE CALCIUM AND MORE

EXCHANGE CAPACITY

Studies^ of the successive 1-inch horizons in the Shelby profile at the Soil

Conservation Experiment Station, Bethany, Missouri, show that in a bluegrass

sod experiencing no soil treatment and no erosion, the exchangeable calcium

was related to the organic matter content. The highest organic matter con-

tent (5.71 per cent) had associated with it the highest amount of exchangeable

calcium (14.60 m.e.), when for the entire seven horizons (0~7 inches) the

figures were, as a mean, 3.73 per cent of organic matter and 11.75 m.e. of ex-

changeable calcium. This is the situation for the organic matter contributed

by the crop of bluegrass, which is not commonly considered a calcophile.

The organic matter accumulation from the bluegrass increased not only

the exchangeable calcium, but also the exchangeable magnesium. With suc-

cessive years in bluegrass sod, plot 8 at Bethany, Missouri, with its increasing

organic matter content from 1931 to 1937 showed a progressive increase in

base saturation from 77 per cent to 91 per cent. Here, then, the process of

soil calcification, or an increasing degree of calcium saturation, was going on

under the environmental conditions of north Missouri and while the bluegrass

crop was being produced but not removed. Leaching was not an impossibility

and may have been occurring, but carbonates were not moved to the lower

levels. There was a total deficiency of 22 inches in precipitation during the

7-year period, though the annual precipitations were never lower than 21.8

inches in 1937 and the annual mean for the period was 34.44 inches.

Thus this careful plot study points to organic matter production by grass

as a means of leaving within the soil an increased mass of a colloidal residue

that is organic in nature, that may be highly saturated by calcium, and that will

deliver this nutrient much more rapidly in seasonally timed rates when the

sod is broken out and the land put into a tilled crop. This suggests that sod

crops as soil fertility restorers may have benefits that are not limited to nitro-

gen: they may be mobilizing the mineral phases of the soil for their own benefits

as well. Here were an increased exchange capacity and an increased degree

of calcium saturation, because of the increased organic matter provided through
the growth of a sod crop and its period of soil fertility rejuvenation.

^ WHtt, D. N., and Swanson, C. L. Unpublished report. Missouri Soil Conservation
Experiment Station, Bethany, Missouri.
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CALCIFICATION OF ORGANIC MATTER SEEMINGLY ENCOURAGES AZOFICATION

In tills bluegrass sod under study, where the base saturation increased from

77 to 91 per cent, of which 90 per cent was calcium, total nitrogen increased

from 0.173 to 0.185 for the years 1931 to 1933 and from 0.190 to 0,205 for 1935

to 1937 respectively. This improvement in the nitrogen content of the soil

took place while the hydrogen-ion concentration, supposedly a significant

factor for azotobacter, registered pH 6.2 for most of the time, though in the

first year, 1931 it stood at 5.6. While this change in pH occurred, the calcium

saturation increased 18 per cent. It is interesting to note, in passing, from

some other studies (3) with bluegrass and redtop, that complete calcium satura-

tion of the soil made the delivery of nitrogen from the soil to the crop most

effective. Thus we are inclined to believe that this nitrogen increase at

Bethany under bluegrass sod and the increased calcium saturation are not

completely separate performances, even if we are not ready to grant that they

are causally connected. Nevertheless, with the increase in the organic matter

have come an increase in the mobile supply of nutrient ions and a demobiliza-

tion of the hydrogen ion, their commonly reciprocal ion on the colloidal ex-

change complex.

SIGNIFICANCE OF pH MAY BE DWINDLING

Here, as has been previously shown (2), the ions are more eiScient with

their higher degrees of saturation. Increased mobility of the nutrient ions

results not only in increased plant growth above the soil, but also in increased

microbial growth and activity within the soil. With more microbial activity,

there is a speedier cycle of rotation from soil to crops and back to soil to bring

into the cycle other elements not previously involved. That such may have

occurred under the bluegrass sod is suggested by the fact that in another plot

with a regular crop rotation receiving no treatment and having no soil erosion

during these same years, the organic matter content remained constant, when

the plow depth was also kept constant to prevent clay incorporation from the

subsurface. In those plots showing decreases in organic matter, exchangeable

calcium decreased. The amount exchangeable varied with the organic matter

while the pH was constant. Here is another indication that pH can scarcely

be causally related to crop production if the pH remains constant while the

exchangeable calcium and the associated organic matter, both large factors

in plant growth, fluctuate so widely.

OTHER POSSIBLE PHASES OF ION MOBILIZATION BY ORGANIC HATTER

If organic matter plays a role in soil development through the mobilization

of ions, which may be viewed as a simple chemical process extending over ages

of time, and if its role in ion mobilization for plant nutrition in annual cycles

suggests that this latter role supports the soil development processes, then,

perhaps, other activities of organic matter wiE gradually add themselves to

complete the picture of the organic matter performances in the soil. It may

be our misfortune that the understanding and appreciation of the signifigance
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of organic matter as a mobilizer of nutrient ions will come too late. By the

time we fully appreciate the organic matter heritage in our glacial soils as

the source of fertility delivered to our crops at rates commensurate with their

seasonal demand for profitable production, then the supply will already be so

nearly exhausted as to jeopardize the farming business.

We need to stimulate further thinking about the organic matter as a mobilizer

of ions when other observations, the exact significance of which is unverified,

are indicating that organic matter is playing such a role. Has it been a mere

whim of the fertilizer user of the South to insist that a share of his applied

fertilizer nitrogen be in the organic form? Is the struggle to find a proper

organic-inorganic ratio in fertilizers (8) for southern crops without physiological

foundation? Might not the recent attention to the ^'acidity’' of purely mineral

fertilizers suggest a case of calcium deficiency that shows up quickly when not

covered by organic matter performances within which apparently the calcium

supply is automatically increased with the increasing stock of organic matter?

Does our recent attention to the many so-called “growth-substances,’^ “ac-

cessories,” “biotin,” and similar growth-stimulating compounds of known

chemical structure, suggest that their shortage is manifesting itself because the

diminishing organic matter in the soil brings it into prominence? As the

knowledge about the chemical structure of these becomes effective for plant

growth improvement, it will set us thinking about the kind and composition

of organic matter we put into the soil to mobilize nutrient ions. When car-

bonaceous vegetation with its wide silica-calcium ratio and low content of other

soil-derived nutrients is recognized as a demohilizer of ions for plants, while

leguminous vegetation with a narrow silica-calcium ratio and high content of

elements other than silica from the soil is known as a mobilizer of such ions,

then organic matter will become a widely used tool for better crop production

and for more effective soil and fertility conservation. In the organic matter

of the soil is the means of managing the fertility of the soil most wisely for its

service to the future.
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Absorption—

by plants, of

—

ammonia, 451-455

calcium, 66, 143

micronutrients, 435

nitrates, 451-455

nutrients from culture, 431-444

by montmorillonite and clays, of proteins,

126, 127

Aggregates, methods for determining, 181,

203

Aggregation, as affected by—
hydrogen-ion concentration, 195, 418

microorganisms, 189

moisture relations, 196-197

sterilization, 198

Aluminum, effect on phosphate determina-

tion in soil extracts, 295

Ammonium sorption, as influenced by cal-

cium saturation, 269, 270

Bacteria—

in gleization, 213

nitrogen fixation by—
Azotobacter, 85-99

protozoa, 85-99

sulfur oxidation by Thiobacillus thio-

oxidans, 331

Bacteriophage of Khizobia, 59-63

Base-exchange capacity of

alkali soil colloids, 104

Hawaiian soils, 266

inorganic fractions of podzols, 223

montmorillonite, 125

Norfolk soils, 4%
organic fraction of podzols, 228, 230

organic matter, 492

podzol soils, 227

protein-clay complexes, 130

Benzidine—

factors influencing test for montmonl-

lonite, 137

unreliability of test, 133-140

Books, see end of letter B

as a factor in calcium metabolism, 141

content of com, 143
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Calcium

—

absorption by plants, 66, 143

and gleization, 213-215

decomposition of calcium carbonate,

116-118
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Calcium—(continued)

exchangeable in-
arid soils, 466

India soils, 341

Norfolk soil, 474

saturation, effect on sorption of ammonium

and potassium, 265-272, 478

transfer to plants, 65-69

Cobalt determination, in soils, 387-390

Colloids of alkali soils

—

black, 111-115

chemical composition, 103

colorometric tests, 134

dehydration curves, 105-107

solonetz, 118-121

white, 111-115

x-ray studies, 107-109, 112-114

Electrodialysis, method of obtaining acidoids,

411

Exchange capacity of soils, see Base exchange

Flowmeter, apparatus, 55-58

Humus, content of soils, 409

Hydrogen-ion concentration

—

as affected by

—

electrode contact, 27

moisture content of soil, 30-38

at low moisture content of soils, 17

availability of ions, 437

base saturation, 476

effects on aggregation, 195

of—
calcium carbonate powder, 28

calcium sulfate powder, 28

peat, 174, 178

quartz powder, 23

silicic acid, 23

sodium chloride, 29

soils at field moisture, 19, 29

various soils, 32, 33, 36, 474

Ion

—

absorption by-
plants, 431

soils, 287

availability in light sandy soils, 473-486

balance in culture solutions, 445-459

Iron-

effect on-
benzidine test for montmorillonite, 137

cobalt determination, 389

phosphate determination in soil ex-

tracts, 294

ferrous, in soils, 249-263

in soil colloids, 138

Leaching, effect on soil reaction, 477

Lysimeter studies, 79-81

Magnesium, exchangeable in-

India soils, 341

Norfolk soil, 474

Microorganisms— also Bacteria

as affected by

—

temperature, 13

ultraviolet light, 13

effect on

—

nitrogen fixation, 85-99

soil aggregation, 191, 193

Moisture

—

available, in soils, 402

content of soils, 275, 279

control by availameter, 307-319, 391-406

effect on

—

aggregation, 196, 197

hydrogen-ion concentration, 32

soil stability, 391

equivalent methods, 273-278, 367-376, 383

wilting percentage of soils, 393, 401

Nitrogen

—

content of

—

peat, 178

soils, 223

fixation by Azotobacter, 85-99

losses, as affected by

—

cropping, 4, 5

erosion, 9

denitrification, 9

leaching, 9

moisture, 11

temperature, 10

ultraviolet light, 11

losses from dry-farm soils, 3

relation to wheat yields, 342

Organic acid, content of plants, oxygen

tension, 455

Organic matter-

content of

—

peat, 179

soils, 3, 7, 207, 228, 266, 463, 466, 474

effect on phosphate determination in soil

extracts, 296

in soil development, 490

ion availability, 487

losses, as affected by-
cropping, 7

erosion, 9

temperature, 8

ultraviolet light, 8
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Oxygen-
effect on

—

absorption, 451-455

accumulation of nutrients, 453

assimilation of nutrients, 451-455

requirements for plants, 445-458

tension in culture solutions, 445

Peat-

composition, 174, 175

iron content, 256, 257

profiles of Palestine, 174

structural characteristics, 173, 180

Phosphate-

determination in soil extracts, 289-298

organic, retention in soils, 351-365

Phosphorus— ^

available

—

extracting solutions for measuring, 41-

44, 155

in arid soils, 464

behavior of soluble organic in soils, 351

content of

—

com, 43

vegetable crops, 153

influence of grinding, 46

in peat, 178

methods of determining, 239-241

nucleic acid and phytin derivatives,

239-241

organic, studies in soil, 159-170; 235-248;

323-329

penetration in soil by radioactive tracers,

285

retention by soils, 156, 160

Potassium

—

adsorption, 287

availability methods, 441

content 6f soils, 287

sorption, as influenced by calcium satura-

tion, 267

Radioactive elements for soil and fertilizer

studies, 283-288

Selenium content of forage crops, 299

Sesquioxide ratios in colloids, 104, 414

Silica, effect on phosphate determination in

soil extracts, 296
'

Soil—
'

.

'

acidoids, 415

arid, 461

aggregation, Aggregation

ball resistance, 219

base status, 410, 418

colloidal behavior laws, 407-425

copper fixation, 482

erosion, effect on

—

nitrogen losses, 9

organic matter losses, 9

exchange capacity, see Base exchange

Hawaiian, 265

hydrogen-ion concentration, 195, 418

liming, effect on sulfates, 76

mechanical analysis, 190, 203

moisture, see Moisture

phosphorus, see Phosphorus

profiles

—

chemical analysis, 75, 266, 463, 480

podzols, 223-233, 409, 417, 424

series, analyses, descriptions of, or ex-

periments with

—

Aiken, 276, 382, 397; Altamont, 31;

Antioch, 118, 382; Austin, 275,

276; Bath, 275; Bates, 275; Bed-

ford, 285; Blanton, 473; Calhoun,

75; Canby, 118; Carrington, 276;

Cecil, 284, 355; Chenango, 153;

Chester, 285; Coker, 397; Crosby;

285; Cumberland, 75; Dekalb, 275,

Dunkirk, 75; Emmet, 225; Eustis,

473; Fallon, 102; Fayette, 275;

Fremont, 276; Fresno, 102; Geary,

189, Greenville, 275; Grenada, 43;

Groton, 60; Hagerstown, 204, 275;

Hanford, 21, 31, 36, 135; Hartsells,

75; Holtville, 102; Honeoye, 275,

276; Hopi, 275; Huerhuero, 118;

Houston, 276; Imperial, 102; Isa-

bella, 224; Kalkaska, 225; Keefers,

135; Kirkland, 275; Lansing, 60; Las

Vegas, 285, 355; Maury, 43; Max-

well, 135; Medford, 396; Melbourne,

275; Merrimac, 60; Meyer, 60, 383,

396; Miami, 275; Monongahela,

276; Muskingum, 275, 276; Newton,

284; Norfolk, 285, 355, 473;

Ogemaw, 224; Orangeburg, 275;

Palouse, 275; Parsons, 275; Phoenix,

392, 396; Pinedale, 275; Placentia,

21; Putnam, 65, 213; Ramona, 31;

Red Bay, 275; Redding, 135;

Rosamond, 102; Rubicon, 224;

Ruston, 275; San Joaquin, 135;

Selkirk, 224; Sierra, 382; Sites,

396; Sorrento, 36; Sunrise, 102;

Susquehanna, 276; Tilsit, 43;
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Soil-

series

—

{continued)

Traver, 31; Upshur, 276; Vernon,

275; Volusia, 60; Vina, 135; Vista,

36; WaUa Walla, 275; Waukena,

120; Westmoreland, 276; Yolo, 21,

31, 36, 135, 183.

solution

—

methods of obtaining, 377

pressure membrane apparatus, 384

sorption of—
ammonia, 269

potassium, 267

structure, effects of treatments, 201, 422

sulfate retention, as affected by limestone

and dolomite, 73

temperature, as affected by cropping, 10

types, 420

Soybeans

—

and oxygen tension in substrate, 449

as influenced by calcium, 66

Sulfur-

content of

—

forage crops, 304

rainwater, 76

influence of

—

carbon dioxide tension on oxidation, 333

oxygen tension on oxidation, 333

particle size on oxidation, 336

losses, 77

oxidation by Thiobacillus thioooddans, con-

tact theory, 331

recoveries, 77

Titanium, effect on phosphate determina-

tion in soil extracts, 295

Tomatoes, growth in relation to oxygen

tension, 432, 449, 451

Vanadium, effect on phosphate determination

in soil extracts, 295

Wheat yields, as affected by

—

available phosphorus, 341

boron, 341

exchange calcium, 341

exchange magnesium, 341

exchange potassium, 341

exchange sodium, 341

manganese, 341

soluble salts, 341

total iron, 342

Zinc fixation by soils, 481-483




